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ABSTRACT
Silicon is an attractive material for anodes in energy storage devices[1], [2],
because it has ten times the theoretical capacity of its state-of-the-art carbonaceous
counterpart. Silicon anodes can be used both in traditional lithium-ion batteries and in
more recent Li–O2 and Li–S batteries as a replacement for the dendrite-forming
lithium metal anodes. The main challenges associated with silicon anodes are
structural degradation and instability of the solid-electrolyte interphase caused by the
large volume change (∼300%) during cycling, the occurrence of side reactions with
the electrolyte, and the low volumetric capacity when the material size is reduced to a
nanometre scale [3], [4].
The simple fabrication technique of emulsion-templated direct assembly,
which was reported by Chen et al. (2014) [5] is further developed, by using reduced
Graphene Oxide (r-GO) to increase the conductivity and increase the silicon-carbon
ratio (Si/C ratio). In this method, Si nanoparticles are confined in the oil phase of an
oil-in-water emulsion stabilized by carbon black (CB). These CB nanoparticles are
both oil- and water-wettable. The hydrophilic/hydrophobic balance for the CB
nanoparticles also causes them to form a network in the continuous aqueous phase.
Upon drying this emulsion on a current collector, the CB particles located at the
surfaces of the emulsion droplets form mesoporous cages that loosely encapsulate the
Si particles that were in the oil. The CB particles that were in the aqueous phase form
a conducting network connected to the CB cages. The space within the cages allows
for Si particle expansion without transmitting stresses to the surrounding carbon
network. Half-cell experiments using this Si/CB anode architecture show a specific
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capacity of ∼1000 mAh/g Si + C and a Coulombic efficiency of 99.5% after 50 cycles.
This corresponds to a increase to the previous work of over 30%. Emulsion-templating
is a simple, inexpensive processing strategy that directs Si and conducts CB particles
to desired spatial locations for superior performance of anodes in lithium ion batteries.
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CHAPTER 1 INTRODUCTION
1.1

Motivation

Still representing the highest performing secondary battery systems [1], [6],
[7], the lithium-ion batteries (Li-ion batteries), based on the intercalation concept
proposed by M. Whittingham [8] in the ’70s, nowadays play an essential role in
modern technologies, being in particular the best battery technology now available for
vehicles. In portable electronics and mobile communication devices they are already
commonly used and with the growing market in electrical mobility they are now
entering the markets of hybrid and electrical vehicles. Many other “green”
technologies, such as the solar cells, benefit from the possibility to produce less
expensive batteries with extremely reduced sizes and long cycle life. Expectations of
convenience and long-living portable power urged to develop technological strategies
that resulted in a net improvement of the batteries performances. These advances can
be better appreciated if one considers that in the last decade the energy density has
been improved two times. But obviously, a great breakthrough is needed in order to
increase the energy density from the current 210 Wh kg-1 of Li-ion batteries to the
ambitious target of 500–700 Wh kg-1 to satisfy application in electrical vehicles before
2030 [9]. The energy density per unit area is a critical figure of merit for power
modules, whereas for other applications, such as electrical vehicles, the density per
unit weight is the key parameter. To reach high energy density the anode materials
must combine high specific storage capacity and Coulombic efficiency. [10], [11]
Although the good performances of the graphite materials in terms of
electronic conductivity, low electrochemical potential and Coulombic efficiency
1

(>95%), the low specific lithiation capacity (372mAhg-1) [12] limit the possibility to
force up the efficiency and to meet the ever increasing requirements of our society. In
order to enhance the performances of such batteries, in the place of graphite several
different anode materials with higher specific capacity of lithium (Li) accommodation
are thinkable. Without any doubt, the most promising element is silicon (Si),
characterized by a high theoretical specific capacity that is an order of magnitude
beyond that offered by conventional graphite anodes [4], [13]. In this work, a method
for the production of silicon/carbon (Si/C) anodes is treated and improved.
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1.2

Thesis outline

This study has two main objectives; the increase of the Si/C ratio in an anode
produced by emulsion-templated direct assembly and the introduction of reduced
graphene oxide (r-GO). Previous work of my research group by Chen et al. (2014) [5]
has shown, that it is possible to prepare high capacity, stable Si/C Anodes for Li-ion
batteries using this method. This study is about improving this approach.
A porous anode Si/C alloy material was formed using CB particles to stabilize
a Pickering emulsion which is then simply dried on a current collector. The anode
material was physically characterized using light microscopy (LM), field emission and
cryo-scanning electron microscopy (FE-SEM and cryo-SEM), transmission electron
microscopy (TEM) and energy-dispersive x-ray spectroscopy (EDS). Furthermore the
assembled batteries were electrically tested as half cells to determine capacity and
cycle stability. The batteries were tested under conditions designed to evaluate
different aspects of their performance.
In order to provide the reader with the necessary knowledge base to utilize the
content of this thesis, a review of current status of the research and development of Si
anodes will be given first. Due to the broad spectrum of the main topics, this review is
rather extensive, and contains two main parts; the Li-ion battery in general and the Si
anode. This is followed by the theory necessary to understand the experimental work
which is illustrated briefly.
The experimental section gives an account of the experiments performed
during the course of this work. It includes a detailed description of the fabrication and
characterization of the emulsion templated Si alloys, the electronically testing
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performed and the post-cycling characterization. After this section, the results are
presented. These results are then discussed in relation to the previously presented
theory, and possible weaknesses of the experimental procedure are evaluated, before
conclusions are drawn.
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CHAPTER 2 PRINCIPLES
2.1

The Li-Ion Battery

The Li-ion battery has become an important part of energy storage technology,
as one of the most effective and energy dense secondary battery chemistries, being
used in various applications and scales, classicaly portable electronic devices and are
now extended to applications such as power tools and electric vehicles. Emerging
from research based on the Li metal primary battery, the current Li-ion battery was
proposed in a patent filed in May 1985 by Akira Yoshino and a working prototype
was assembled the following year [14]. A comparison of the specific power and
energy of different battery technologies can be seen in Figure 2-1, showing the very
good performance of two of the most common lithium-ion technologies. The
difference between these lies in the use of different cathode materials, a topic that will
be described in detail later.
This section will first introduce the field of Li-ion batteries, beginning with a
brief explanation of the working principle of the lithium-ion battery. An overview of
important characteristics of batteries will then provide, an explanation and definition
of some expressions that are used later in the thesis. An important aspect of the Li-ion
battery, especially with regard to anode materials; the solid electrolyte interface (SEI),
will then be explained. In addition, a review of materials used for other components
and purposes in Li-ion battery is also deemed while the research performed in this
study mainly concerns the Si anode.

5

Figure 2-1. A comparison of the specific power and energy capacity of different battery technologies, showing the
superior performance of different lithium-ion technologies [15].

2.1.1

Working Principle

Secondary battery systems in their simplest form consist of two electrodes
immersed in an ionically conducting electrolyte and electronically connected through
an external circuit. The structure of the Li-ion battery does not differ notably from
this. Through a redox reaction the battery converts chemical energy to electrical
energy during discharge. The reduction and oxidation reactions happen on different
electrodes, and as these are separated by a non-electronically conducting electrolyte,
the electrons are forced through the external circuit, where a load can be applied.
During charging, by driving this redox reaction in the opposite direction chemical
energy gets generated from electrical energy. The cathode and anode are by definition
the electrodes where the reduction and oxidation reactions happen, respectively, and
which electrode is which therefore changes depending on whether the battery is
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charged or discharged. In battery science the convention is to designate the electrodes
by their function during discharge. [16]
In addition to the many similarities between the Li-ion battery and other
battery chemistries, there are some important differences. The most obvious being the
use of lithium ions, which is one of the most reductive elements. The Li/Li + couple
has a reduction potential of -3.04 volts vs. the standard hydrogen electrode [17].
Combined with a low atomic weight of only 6.94 u [18], Li meta is ideal for energy
storage, yielding both a high number of electrons per mass and high energy per
electron. Ideally, to obtain the highest possible capacity, the anode should be pure
lithium, as is the case for the lithium metal primary battery. However, there are
obvious problems when attempting to charge a Li metal battery. Not only is the high
chemical reactivity of metallic lithium afflicted with inherent risk, one also
encountered issues with Li being deposited on the anode in the form of sharp dendrites
able to pierce the separator and cause a short circuit. These problems are severely
reducing the reliability of the batteries, and also exhibit a risk for thermal runaway
reactions. In cases where lithium is involved these can pose a serious safety hazard
because of being most violent [14].
This was the motivation behind the research that led to the Li-ion battery,
which solves these problems by using so called intercalation electrodes as both anode
and cathode, meaning that Li ions can be reversibly inserted and extracted from the
electrodes, rather than deposited on their surfaces. A spontaneously movement from
the anode to the cathode is caused by a potential-difference between the electrodes
causing Li ions to through the electrolyte. As the electrolyte is electronically isolating,
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the electrons are left to travel through the external cycle, where their electrical energy
can be used.

Figure 2-2. Schematic of a lithium-ion battery. In this case, graphitic carbon is used as an anode and a relevant
transition metal oxide as cathode. On charging, Li ions are removed or deintercalated from the layered oxide
compound and intercalated into the graphite layers. The process is reversed on discharge. [15]

An applied voltage forces the electrons and Li ions to move in the opposite
direction, during charging. A Li-ion battery is represented in Figure 2-2. This battery
is using a common combination of intercalation electrodes; a graphite anode and a
layered transition metal oxide cathode. The schematic structures for the charged and
discharged anode and cathode can be seen in Figure 2-3, along with the half-cell
reactions and full cell reaction for this example. The factor

in these reactions vary

depending on which transition metal oxide is used, but is usually between 0.5 and 1.
At open circuit conditions the electrons are hindered from moving, establishing an
electric field nullifying the potential difference between the electrodes and halting the
reaction by the transport of ions. As soon as the external circuit is closed, the reaction
is free to continue and hence, energy can be released.
8

Figure 2-3. Schematic presentation of the charged and discharged structure of a graphite anode and a layered oxide.
[19]

2.1.2
•

Important Characteristics

Specific capacity is the capacity of the whole cell or the electrode
capacity relative to its weight and is given in mAh/g. The relationship
between the capacity of the entire cell and the capacities of its
components is commonly expressed
C

Where

"

=

1
1
1
1
+ +
C
C
Q!

is the anode capacity,

#

(2.1-1)

is the cathode capacity and 1⁄$% is

the capacity specific mass of the remaining cell components;
electrolyte, casing etc.
•

Charge density is the capacity of the whole cell or the electrode
capacity, but relative to volume rather than weight, and is usually given
in mAh/cm3 .
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•

Capacity retention is a measure of how well the battery copes with
being charged and discharged. It is representing the cycle stability of a
cell, and is represented by a certain percentage of its initial capacity.

•

C-rate is a normalized charge/discharge rate that depends on the
electrode or battery capacity. It is defined as the rate at which the entire
capacity of the electrode is charged or discharged in one hour.
Charge/discharge rate during cycling is usually given as a fraction or
multiple of the C-rate. E.g. for a 4 gram electrode with specific capacity
of 1000mAh/g the C-rate is 4000mA, and if cycled at for instance C/8
the current is set to 500mA.

•

Coulombic efficiency is defined as the ratio between the amount of
charge that can be extracted from the battery and the amount of charge
that was put in during charging, typically given in percent.

•

Charge and discharge in battery science, are defined as a forced or
spontaneous reaction respectively in the battery. For an anode in a full
cell, this means that Li intercalation would be denoted charging.
However, when coupled with Li metal counter electrodes in half cells,
anode materials will in fact act as cathode, hence lithiation would
constitute discharging. To prevent ambiguity, in this work, lithiation of
anode materials will always be denoted charging and delithiation
discharging, regardless of its actual role in the cell.
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2.1.3

SEI Formation

There is only a certain range of redox potentials where all compounds are
stable, below this range the compound is reduced and above it is oxidized.
Considering that e.g. for a standard graphite anode most of the intercalation happens
<0.1 volt relative to the Li/Li + redox couple [18 ], intercalation of Li into the anode
of the Li-ion battery happens at a very low potential, and decomposition of the
electrolyte solution constituents is thus virtually inevitable and will happen to at least
some degree. By using an electrolyte that, together with the electrode material and Li,
decomposes into stable solid compounds and therefore form a coating around the
electrode, this problem is circumvented. The coating, commonly referred to as the
solid electrolyte interphase (SEI), should ideally prevent further decomposition of
solvent by forming an impermeable as well as electronically isolating layer, but still be
ionically conducting to allow Li ions to pass from the electrolyte to the electrode.
The SEI forms through a number of parallel and competing reactions, resulting
in a coating which is complicate to characterize and to evaluate due to its
inhomogeneous composition and varying thickness. Figure 2-4 shows a schematic
representation of SEI of a standard carbon anode formed on a graphite particle. It
stands to reason, that the composition and efficiency of the SEI is greatly influenced
by the composition of the electrolyte. The complexity of the formation makes it
sensitive to external influence as well, e.g. varying operating conditions in different
laboratories. However, for carbon anodes, which are the most extensively researched,
most groups agree that the SEI is composed of multiple layers; a layer consisting
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mostly of inorganic salt reduction products closest to the electrode followed by a layer
of organic reaction products from the decomposition of the solvents [20].

Figure 2-4. Schematic representation of SEI forming on the surface of graphite particles in an anode [20]

While being essential for the successful operation of the Li-ion battery, the SEI
also has some adverse effects on the battery performance. The most notable is the
capacity loss caused by lithium being irreversibly bound in compounds during the
formation of the interphase, observed as a reduced Coulombic efficiency for the first
few charge/discharge cycles. The magnitude of this reduction is related to the
thickness and composition of the SEI, which in turn can be manipulated by tuning the
composition of the electrolyte [21].
2.1.4
2.1.4.1

Components and Commonly Used Materials

Electrolyte solvents
The primary role of the electrolyte in any electrochemical cell is to conduct

ions from one electrode to the other while being electronically insulating and
thermodynamically stable. The last property can either be a result of the
decomposition products passivating the electrode surface by formation of a SEI or
intrinsic for the electrolyte. For Li-ion batteries, the former is usually the case, of
reasons discussed in the previous Section 2.1.3. The choice of a proper electrolyte
12

therefore has a great impact on the cycle stability and Coulombic efficiency of the
battery. There are three main groups; ionic liquids, polymer electrolytes and liquid
electrolytes where a tremendous number of different electrolytes have been designed
for use in the Li-ion battery. Only the liquid electrolytes are used in the experiments
for this work, but a short introduction to the other classes seems prudent. Being based
on salts, ionic liquids are in their molten state at ambient temperature, in which Li
salts can be dissolved. These salts have a broad stability window and very low
volatility, making them non-flammable. However, research in this area has in the past
largely been based on '( , whose extremely corrosive nature has resulted in a very
limited use. In later years, however, a renewed interest has been sparked by the
discovery of new low melting temperature salts, mainly based on the quaternary
ammonium cation [22]. Of the polymer electrolytes, gel polymers are by far the most
common. Gel polymers possess both the diffusive properties of a liquid and the
physical properties of a solid. The electrolyte consisting of a polymer host material
soaked with an organic solvent, into which a Li salt is dissolved, result in these
properties [23]. Advanteous of Li polymer batteries are cheaper and simpler
construction, more rugged and resistant to short circuiting, while on the other hand
generally being regarded as having a smaller charge capacity than conventional Li-ion
batteries. In addition, the absence of a free liquid removes the need for a metal housing
and increases flexibility when it comes to battery shape and packaging [24]. Liquid
electrolytes are made by dissolution of a Li salt (e.g.

))

in a nonaqueous solvent.

Different groups of solvents are outlined by van Schalkwijk et al. (2002) [24] and
include ethers, esters, alkyl carbonates and inorganic solvents. The most commonly
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used are propylene carbonate (PC), ethylene carbonate (EC), dimethyl carbonate
(DMC), diethylene carbonate (DEC), 1,2-dimethoxy ethane (DME), ethyl methyl
carbonate (EMC) and 1,2-diethoxy ethane (DEE) [24]. PC was used in early research,
but was found to be incompatible with graphitic electrodes due to co-intercalation
phenomena. That PC molecules fail to create a stable SEI and intercalate into the
electrode, causing a continuous break down of the electrodes by exfoliation of graphite
layers is the reason for that. EC, while having a very similar molecular structure to PC,
does not cause these problems and has proven to be a more suitable solvent. A binary
electrolyte of EC and one of the less viscous DEC, DMC and EMC is commonly
found in commercial batteries [25].
2.1.4.2 Solutes
Two main requirements have to be satisfied in order for a Li salt to be
applicable as electrolyte solute for Li-ion: 1) the salt must have a high solubility in
non-aqueous solvents, to meet the primary purpose of the solute is to provide a
sufficient concentration of lithium ions and 2) the anion must be stable in relation to
the other components of the battery, either by being inherently so or by passivation.
Examples of salts that fulfill these requirements are
(

(.

'

+,

,- ) ,

)

and

Apart from these requirements, there are numerous other properties that

should be considered, e.g. toxicity ( ,- ) ), fire or explosion hazard (
conductivity (

(

()

'

+ ),

low

and cost, which narrows down the number of practical

candidates considerably [26]. For a fact, the vast majority of Li-ion batteries both in
production and research use the same salt as primary solute, namely lithium
hexafluorophosphate (

) ).

This is not because it is a perfect solute, but because
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)

has a good compromise of properties. However, for applications where

demands are more extreme,

)

may not fulfill all the requirements. For instance, at

high temperatures, the decomposition of
problem, as

.

)

into

and

.

becomes a major

readily hydrolyses to form / , which is devastating for the electrode

performance [26]. This has led to research into alternative solutes, like lithium
tris(pentafluoroethyl)trifluorophosphate and lithium bis(oxalato)borate, commonly
known as

,

[27] and

0 0 [28], respectively. These have shown great

potential, but are not yet commercialized on a large scale.
2.1.4.3

Cathodes
Although all tested cells in this research are half cells, a short overview over

common Li-ion battery cathodes is given here. A few examples out of numerous
different cathodes for the Li-ion battery which have been researched through the years,
are shown in Table 2-1.
Table 2-1. Examples of cathode materials, their group and the approximate capacity ranges they have been reported
to exhibit. Based on material from [29]

Materials
1
1 +
+

Group/structure

Reported specific discharge capacity

Layered oxide

100 – 160 mAh/g

Spinel

70 – 140 mAh/g

Olivine

80 – 155 mAh/g

With only a few exceptions, the majority is made of compounds based on at
least one of the transition metals. That transition metals are stable at a several different
oxidation states is the main reason for this. When Li ions are intercalated into the
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electrode, by being reduced to a lower oxidation state the transition metal atoms can
accommodate the electrons arriving through the external circuit, thereby maintaining
the charge neutrality of the compound [29].While this applies for a large number of
compounds, other essential criteria reduces the number of candidates notably. The
large changes in composition of the electrode during lithiation often lead to changes in
the crystal structure of the material that may compromise the structural integrity of the
electrode or otherwise have energetically unfavorable effects. Therefore, it is to use a
material with a crystal structure that is stable over a wide range of compositions. In
addition to this, the Li diffusivity, electronic conductivity, cost and environmental
compatibility of the material must be taken into account. Since the first development
of the Li-ion battery, three main groups of materials have been found to exhibit these
properties; layered oxides, spinels and olivines and tavorites.
Layered chalcogenides were discovered first, starting with the sulfides and
selenides like
4

1.

2

1

and

3

1,

before moving on to the oxides, e.g.

1

and

Closely packed anions provide the main structure of these materials, with the

transition metal cations occupying the space between every other layer. The Li can
then be freely intercalated into the remaining unoccupied ones, resulting in the layered
structure that gives this group its name. The structure itself is named 5 − 47

1

and

can be seen in Figure 2-5a [8].
Being quite similar to the first group, the second consists of materials having
the spinel structure. However, rather than having the alternating layer structure that
was described above, in the spinel structure both of the cation species are ordered
throughout all of the atomic layers, as seen in Figure 2-5b. This ordered spinel

16

structure provides an interconnected matrix of interstitial positions that allows for the
storage and diffusion of Li ions, again while the transition metal atoms accommodate
the electrons by changing oxidation state [30].
The last group, the olivine materials, were developed with an extensive
research effort into making electrodes based on iron, being the best available transition
metal by far. The effords resulted in

+

[8], whose structure, seen in Figure

2-5c, consists of edge sharing octahedra of oxygen coordinated iron atoms forming
layers which are bound together by tetrahedra of oxygen coordinated phosphorous
atoms, between which lithium atoms can reside. Made only of materials of abundant
availability and having capacities comparable to that of

1,

as well as very good

cycle life, low toxicity and being environmental compatibility, it has attracted great
interest. Its defining limitation has been an extremely low electronic conductivity, for
which making composites with carbon has been the most common solution [31].
Corresponding compounds of other transition metals like manganese, nickel
and cobalt have also been investigated. None of these have shown any superior
electrochemical performance, however, and the materials are far more costly, hence
the interest in these compounds has been limited [8]. Tavorite phase materials like
+F

have been found to exhibit similar properties as the olivine phases. Its

structure, which can be seen in Figure 2-5d, also consists of layers of octahedra, but
unlike in the olivine structure, these share corners and are coordinated by both oxygen
and fluorine atoms, while the layers themselves are separated by tetrahedra of oxygen
and fluorine coordinated sulfur atoms [32].
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Figure 2-5. Illustration of the crystal structures of the best performing positive electrode materials: (a) 1 , (b)
atoms are shown in yellow while the transition
1 + , (c)
+ , and (d) the tavorite-phase of
+ .
metals polyhedra for
,
, and
are shown in blue, red, and green, respectively. The polyhedra are
coordinated by oxygen atoms in orange and fluorine in blue. [32]

2.1.4.4 Anodes
2.1.4.4.1 Carbon anodes
Carbon polymorphs have commonly been regarded as the standard material for
Li-ion batterie anodes. While the use of carbonaceous materials as intercalation
electrode material was proposed as early as in the patent describing the first ever
lithium-ion secondary battery by Yoshino et al. (1987) [33], it has yet to be succeeded
as the standard anode material. Excellent cycle life, good material availability and low
cost are the attributes leading to this favored position. The vast majority of the
carbonaceous electrodes are made from graphite or graphitable carbons, for which the
intercalation mechanism has been widely studied and is well known [34]. However,
18

lithiation into graphitic electrodes is limited by the composition of the most Li rich
phase in the Li-graphite system. With an upper limit of

),

this results in a relatively

low theoretical maximum capacity of ~372 mAh/g, above which Li metal is formed.
This has prompted research into alternative anode materials, including both more
advanced carbon based electrodes, alloys and composites [35], [36].
Hard carbons prepared by pyrolysis of organic material are widely seen as a
promising alternative carbon material and therefore acquired some research intrest.
Only a short range ordering and various surface termination groups can be attained
using this process, depending on the precursor and pyrolization temperature. The
process of Li intercalation into such materials is not easily determined because of the
lack of long range order and varying composition, hence the theoretical capacity limit
is not known. However, it has been established that that at least some of these
materials exhibit far higher capacities than the limit for graphitic carbon. Yet, while
the lithium insertion capacity may be very high, these materials suffer from very large
irreversible capacities, severely limiting their practical applicability. There are other
carbon polymorphs like kish graphites and multi-walled carbon nanotubes
(MWCNTs) which are possible alternative carbon materials [35]. While strictly being
a member of graphitable carbons, kish graphite have proven to have capacities
reaching ~20% above the theoretical limit of perfect graphite, indicating a certain
degree of disorder [37].
MWCNTs, on the other hand, are rather expensive, but have still attracted a
fair share of attention due to the many potential mechanisms of lithium intercalation,
namely in the graphene sheets constituting the tubes, in the space between the tubes
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formed due to imperfect packing, and inside the tubes themselves. However, as with
the hard carbons, the irreversible capacity is too high for this kind of electrodes to be
commercially viable [35].
2.1.4.4.2 Alloying anodes
In order to replace carbonaceous anodes with anodes having a higher capacity,
experimental work on anodes using chemical elements which form alloys with lithium
was started in early 1960s.[38] In 1971, Dey [39] found that Li can be
electrochemically alloyed with a number of metals at room temperature, including Si,
Sn, Pb, Al, Au, Pt, Zn, Cd, Ag, and Mg. Before, Silicon, the theme of this thesis, will
be covered in further detail in the following section, a brief summary of the common
features of the alloy anode materials is given here. Because of their availability, price
and environmental sustainability, Si, Sn, Sb, Al, and Mg have been most extensively
examined for this purpose [36]. As following from the key electrode properties of
these alloy anode materials and graphite, shown in Table 2-2, the potential capacities
of alloy forming electrodes are far superior to that of the graphite anode. The specific
capacities of intercalation anodes come close to that of the Li metal anode. As a matter
of fact, the amount of Li some alloy electrodes can accommodate per volume exceed
that of metallic Li itself, e.g.

11

.

contains 88.56 mol Li/L, while lithium metals

only contain 76.36 mol Li/L [40]. This is partly caused by the fact, that Li is stored in
ionic rather than atomic form in the alloy electrodes and partly because metallic Li is
not in a close packed crystal structure, and therefore have a potential for densification.
In addition, from a safety-perspective, alloy anodes are also superior to carbon
anodes. Lithiation of the alloys happen at potentials ranging from 0.1V to 0.9V (Table
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2-2), compared to the carbon anode where lithiation typically happen around 0.05V.
On the one hand, this reduces the voltage of the cell, and consequently the specific
energy, on the other hand it also reduces the probability of accidental deposition of
metallic Li on the electrode surface during fast charging [36]. In many industries
safety benefits like this are significant, e.g. in the automotive industry [41].
Apart from excellent capacity and safety benefits, there are several other
characteristics that are necessary to make a suitable anode material. Especially in
cycling stability and Coulombic efficiency, these alloy anodes have been found to be
seriously lacking. Due to the high electropositivity of Li, many of the intermetallic
phases formed by Li and group 13-16 metals or metalloids are of highly ionic
character. These are generally known as Zintl-phases and are usually brittle.
An increase in volume of the material is caused by the reduction of the
otherwise neutral host atoms which results in a substantial diameter increase. In
contrast, the Li-ions can occupy interstitial positions in the lattice, and hence cause
only a limited volume expansion [40]. This is obvious from Table 2-2, where
expansions of up to 420% are observed for the alloy materials, compared to 12% for
the graphite electrode. During cycling, this volume change introduces large stresses
into the electrodes. In combination with the brittleness of many of these materials,
these stresses can eventually lead to cracking of the electrode [42].This is associated
with partially contact loss of the electrode material or the electrode itself detaching
from the current collector. The result of these effects is an irreversible capacity fade by
causing electrode material to become essentially dead weight. The pulverization leads
to a continuous formation of new surface area, which must be stabilized by forming an
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SEI, as described in Section 2.1.3. This process involves irreversible loss of Li in
anodes made with these materials, finally yielding to the observed low Coulombic
efficiency.
All there effects are challenges to overcome in the research on the way to a
successful alloy anode. However, as the potential benefits are of such magnitudes,
these are challenges for which there has been proposed numerous solutions. Concrete
examples of this will be discussed in more detail in Section 2.2.2.
Table 2-2. Comparison of various materials (all the capacity numbers are based on materials in the delithiated state
except lithium metal).[13]

Materials

Li

C

Density [g/cm3]

0.53

2.25

Lithiated phase

Li

Specific
mAh g

capacity

-1

Volume

change

[%]
Potential vs. Li [V]

LiC6

+ 2 . 91Si

Sn

Sb

Al

Mg

7.3

6.7

2.7

1.3

Li7 Ti5 O12Li4.4 Si

Li4.4 Sn

Li3 Sb

LiAl

Li3 Mg

3.5

2.3

3862

372

175

4200

994

660

993

3350

100

12

1

420

260

200

96

100

0

0.05

1.6

0.4

0.6

0.9

0.3

0.1
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2.2

The Silicon Anode

The formation of Li–Si alloys in high temperature cells operating in the 400 500°C range was first reported by Sharma and Seefurth [43] in 1976. It was reported
that the alloying process in silicon anodes results in formation of Li12 Si7 , Li14 Si6 ,

Li13Si4 , and Li22Si5 alloys (Figure 2-7) [44]. It was indicated by studying the Li–Si

binary system [39], [43]–[45] that

11

.

is the highest alloy stage, so each silicon

atom can accommodate 4.4 Li atoms, i.e., a specific insertion capacity of
4200mAhg−1, the highest among the alloying elements. Figure 2-7 shows the lithiation
and delithiation curve at room and high temperature.
In addition to its outstanding capacity, silicon is the second most abundant
element on earth. Because of these attributes, a great proportion of research has
focused on using silicon as Li-ion cell anode material. However, at room temperature
the alloying process of Li with Si was found to be less reversible [46]–[48]. Figure 2-6
shows an example of the charge/discharge curves of Si powder with an average size of
10µm, during the initial cycle a bulk-silicon anode showed a charge capacity above
3260mAhg-1 and a discharge capacity close to 1170mAhg-1, corresponding to a
Coulombic efficiency of only 35% [49].
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Figure 2-6. Galvanostatic charge-discharge voltage profiles obtained with a silicon powder anode. [49]

The cycling characteristics of Si are described using this example. During
lithiation (charging) in the first cycle, the voltage initially dropped quickly to 0.2V
versus Li/Li+ in the liquid organic electrolyte used and then a slow decrease took place
as seen in the long potential plateau in Figure 2-6. This plateau is due to formation of
Li–Si alloys. During the discharge process, a rapid increase in voltage was observed,
followed by a plateau between 0.3 and 0.4V. From the initial charge-discharge profile,
it was evident that silicon anodes operate in a narrow potential range between 0.0 and
0.4V (Figure 2-6), which would be suitable for use in Li-ion cells. During further
cycling, rapid capacity fade was observed, which resulted in a reversible capacity
lower than 500mAhg−1 by the 5th cycle. Li insertion in Si results in the formation of
progressive Li–Si alloys, each of which result in successively larger volume
expansions of the parent lattice. Table 2-3 shows the data for crystal structure, unit cell
volume, and volume per Si atom for each alloy formed during the alloying process.
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Since the number of Si atoms is constant, the relative volume increase of the anode
can be established by calculating the volume of electrode per Si atom in each of these
phases. This can be expressed by
VIJ KLMN =

V
NIJ

(2.2-1)

With 3# and 4PQ being the unit cell volume and the number of silicon atoms in the
unit cell, respectively.
Table 2-3. Crystal structure, unit cell volume and volume per Si atom for the Li-Si system [44]

Compound and crystal
structure

Unit cell volume [A^3]

Volume per silicon
atom[A^3]

Silicon cubic

160.2

20.0

Li12 Si7 (Li1.71 Si)

243.6

58.0

Li9+ Si) RLi1,( SiT

308.9

51.5

Li9(Si+ RLi(,1. SiT

538.4

67.3

Li22 Si. RLi+,+ SiT

659.2

82.4

orthorhombic

rhombohedral

orthorhombic

orthorhombic

It shows that the volume per silicon atom for Li22 Si. alloy is four times higher
than that of the parent silicon atom, i.e., a 420% volume expansion of the silicon
lattice occurs. This result in cracking and disintegration of the electrode, with active
material loss via reduced electronic contact, giving severe capacity fade.
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According to the equilibrium phase diagram, when lithium is inserted into Si,
Si should undergo a series of phase transformations, theoretically resulting in multiple
voltage plateaus in the galvanostatic voltage curve (Figure 2-7, black line). [50]

Figure 2-7. Si electrochemical lithiation and delithiation curve at room temperature and high temperature. Black
line: theoret- ical voltage curve at 450 ◦C. Red and green line: lithiation and delithiation of crystalline Si at room
temperature, respectively.[51]

However, this only takes place at high temperature. At room temperature,
crystalline Si goes through a single crystalline-to-amorphous phase transformation
during the first lithiation and remains amorphous afterwards (Figure 2-7, green and red
line).
2.2.1

The Breakdown Mechanism

As you can see in Table 2-3, the volume expansion versus the concentration of
Li is nearly linear. Various methods [52]–[55], including X-ray diffraction and nuclear
magnetic resonance, have been used to study the amorphization process; these studies
have primarily shown experimental evidence for the crystalline-to-amorphous phase
transition and have also provided information on the local atomic structure of the
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amorphous phase. In addition, atomic force microscopy has been used to show that
volume expansion occurs during lithiation and contraction occurs during delithiation
of Si thin films [56]–[60]. Based on the studies, three fundamental materials
challenges to using Si as a viable battery electrode, as illustrated in Figure 2-8, can be
outlined.
(1)

Material pulverization. The large volume expansion/contraction
during lithiation/delithiation induces large stresses. These stresses
can cause cracking and pulverization of the Si, which leads to loss
of electrical contact and eventual capacity fading (Figure 2-8a).
This mechanism probably accounts for most of the capacity fade
observed in early studies using bulk Si, films, and large particles of
Si.

(2)

Morphology and volume change of the whole Si electrode. The
large volume changes also cause significant challenges at the level
of the entire electrode. During lithiation, Si particles expand and
impinge on each other. During delithiation, Si particles contract,
that can result in detachment of their surrounding electrical
connections (Figure 2-8b). This drastic electrode morphology
change can further contribute to capacity fading. In addition, the
total volume of the whole Si anode also increases and decreases
upon lithiation and delithiation, leading to electrode peel-off and
failure, which creates challenges for full cell design.
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(3)

Solid-electrolyte interphase. When the potential of the anode is
below ∼1V versus Li/Li+, the decomposition of the organic
electrolyte at the electrode surface is thermodynamically favorable
(see Section 2.1.3). This layer needs to be dense and stable, and it
should be ionically conducting and electronically insulating in order
to prevent further side chemical reactions from occurring. The
formation of this passivating SEI film on the Si surface has been
confirmed by HRTEM, FTIR, and XPS [20], [61]–[63]. The SEI
films consist mainly of
(U

1

),

,

1

1

(,

various lithium alkylcarbonates

, and non-conductive polymers [20], [61],

[62]. The SEI stability at the interface between Si and the liquid
electrolyte is a critical factor for obtaining long cycle life. However,
the large volume change makes it very challenging to form a stable
SEI. As illustrated in Figure 2-8c, Si particles expand out towards
the electrolyte upon lithiation and contract during delithiation. The
stresses produced by the volume changes induce structural
modifications of the Si phase and create damages in the solidelectrolyte interphase (SEI). The SEI is produced by the
decomposition of the organic electrolytes on the electrode material.
For a long cycle life the presence of an ionically conductive and
electronically insulating stable SEI layer is critical. The Si
shrinkage during the delithiation steps makes the SEI layer
vulnerable to cracking and exfoliation, with breakage of electrical
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contact between active material and current collector and
consequent rapid failing of the electrode [9,12].

Figure 2-8. Si electrode failure mechanisms: (a) material pulverization. (b) Morphology and volume change of the
entire Si electrode. (c) Continuous SEI growth.[51]

2.2.2

Previous Electrode Designs

To overcome the problems of material pulverization, detachment of the electrode
material and SEI formation (see Section 2.2.1), several nanostructured Si anode
designs have been studied. As shown in Figure 2-9 the cycling performance and
capacity fading is strongly depending on the electrode design. The capacity of the bulk
silicon anode fades over only a few cycles, while the utilization of nanocrystals and
nanofilms improves the capacity retention to over 50% for the nanocrystals and over
80% for the nanofilm. This example shows already shows the great potential of
different anode architectures, so through the last decades, a large number of different
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electrode designs have been researched. An overview of which will be given in this
section.

Figure 2-9. Specific capacity vs. cycle number for different silicon anode designs[64]

Table 2-4 shows several anode designs which have been evaluated over the
past decade. All these investigations are done, also the work in this thesis, is done,
because the initial attempts were not satisfying in capacity and cycle stability. [12],
[49]
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Table 2-4. Silicon anode designs and their reported performance

Design

Research Group

Reported performance

Conductive and elastic binder

Magasinski et al. (2010) [65]

2,500 mAh/g for 100 cycles

Porous Si nanoparticles

Ge et al. (2012)[66]

1,400 mAh/g for 200 cycles

Chan et al. [67]

3,500 mAh/g for 20 cycles

Ruffo et al. (2009) [68]

2,000 mAh/g for 80 cycles

Nanotubes

Park et al. (2009) [69]

3,200mAh/g for 200 cycles

Double walled Si nanotubes

Wu et al. (2012) [70]

2,970 mAh/g for 6000 cycles

Takamura et al. (2004) [71]

2,000 mAh/g for 3000 cycles

Liu et al. (2013) [72]

1,600 mAh/g for 1000 cycles

He et al. (2011) [73]

1,500 mAh/g for 30 cycles

Liu et al. (2014) [74]

1,160 mAh/g for 1000 cycles

0-dimensional structures

1-dimensional structures
Nanowires
Carbon-silicon

core-shell

nanowires

2-dimensinoal structures
50 nm pure silicon film
3-dimensional structures
Ternary silicon nanoparticles
/conducting polymer/carbon
nanotubes hybrid anode
Bath lily-like graphene sheetwrapped nano-Si composite
Pomegranate-inspired
nanoscale design
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2.2.2.1 0-dimensional structures: Si nanoparticles
Silicon nanoparticles are one of the most promising candidates for LIB
electrodes for the following reasons. Synthesis methods for silicon nanoparticles are
rather sophisticated, and Si nanoparticles are commercially available.[75] Secondly,
Li-ion battery electrodes with Si nanoparticles could be produced with the current
manufacturing process. [76], [77] Finally, reducing the size of silicon particles will
help to release the stress and prevent the cracking of silicon during the Li insertion,
which will significantly improve the cycling performance of the electrodes. [75], [78]
However, Si anodes with nanoparticles suffer from rapid capacity changing
due to the breakdown mechanisms described in Section 2.2.1. Strategies to improve
the nanoparticles approach have also been investigated. These include the utilization
advanced binders like PAA (2500 mAh/g for 100 cycles [65]) or porous Si
nanoparticles (1400 mAh/g for 200 cycles [66]).
2.2.2.2 1-dimensional structures: nanowires and nanotubes
In 2007, Chan et al. [67] reported a Si anode design concept utilizing Si
nanowires prepared by the vapor-liquid-solid synthesis method. By growing these thin
wires directly on a stainless steel current collector, a significant improvement of the
electrochemical performance, compared to thick films and large particles. [67] The
better performance of 3500 mAh/g for 20 cycles at C/5, is due to the sufficient empty
space between adjacent NWs, hence the lithiation and delithiation process does not
cause damage to the anode. However the material will undergo large volume changes
but these do not lead to a disconnection from the current collector. Since the NWs
form a one dimensional electronic pathway to the current collector, the addition of
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conductive carbon and polymer binder becomes unnecessary. The basic concept was
adopted by many other research groups [51], but soon reached its limitations in terms
of cycling stability.
Trying to improve the NW concept first, carbon-coated Si NWs were
investigated. Having observed a rapid capacity fading of the uncoated Si NW
electrode over only 10 cycles, indeed the carbon-coated Si NW electrodes exhibited a
stable reversible capacity of 1326 mAh/g after 40 cycles. [79]

Figure 2-10. (a) Breakdown of thick films and large particles during cycling. (b) Si NW directly grown on the
current collector which does not pulverize [67]

However it was shown by Ruffo et al. (2009) [68], that carbon-silicon coreshell NWs are far more effective. The core material is structurally stable carbon and
the shell material is the active Si for storing the Li ions. Ruffo et al. (2009) [68]
demonstrated a superior power rate and cycle life (2000 mAh/g for 80 cycles at C/5).
Apart from these solid structures, hollow Si nanotubes are another interesting
concept. The increased surface area allows the Li ions to intercalate from both, the
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interior and the exterior of the nanotubes. The nanotube electrodes demonstrated
reversible charge capacities of ∼3200mAh/g with capacity retention of 89% after 200
cycles at a rate of 1C in practical lithium ion cells with improved rate stability [69]. A
further development step has been double walled Si nanotubes. These are able to form
a stable SEI by forming an oxide coating layer on the outer surface. The outside

V

coating layer is mechanically strong and can successfully prevent the Si from
expanding outward while still allowing lithium ions to pass through. along with the
mechanical robustness and short diffusion length, these Si nanotubes show extremely
high cyclability at high rates. Wu et al. (2012) [70] demonstrated a capacity retention
of 88% after 6000 cycles with a high specific capacity of 2970 mAh/g at C/5.
2.2.2.3 2-dimensional structures: thin film
Besides the composite electrodes, another main group of electrodes; thin-films,
have received a fair share of attention. The motivation for using thin-films compared
to composites is that they contain no inactive components, and thus have a higher
effective specific capacity [38]. Being essentially bulk silicon, the performance
deteriorate quickly when film thickness approaches 1µm [12]. However, thin films
have demonstrated extremely good performance even at high charge and discharge
rates, e.g. 50 nm films cycled at 30C that retain a capacity of over 2000 mAh/g even
after 3000 cycles [71]. However, as a 50 nm pure silicon film is equivalent to a
material loading of only 13.25 µg/cm2. (for a silicon density of 2,65 g/cm3). The active
area would have to be immense to obtain a usable capacity and the mass of the
associated current collectors would be considerable. On the other hand, far thicker
films have been made with acceptable results, and much effort is still being put to the
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task. Approaches include making binary and ternary alloy thin films, and while not yet
commercialized, they show much promise [38].
2.2.2.4 3-dimensional structures: various designs
A large potential in fabricating Si anodes lies in the formation of threedimensional structures. These provide the possibility of high loadings, and potentially
the control of SEI formation while providing enough void spaces or being elastic
enough to compensate the volume changes of Si during cycling. Various designs have
already been tested, and the possibilities are almost unlimited, but to give a general
introduction in this topic, three examples will be further described in this section.
Ternary silicon nanoparticles/conducting polymer/carbon nanotubes hybrid
anode
This anode design basically combines the results of studies of carbon
nanotubes [69], [70] with more elastic and conductive binders [76], [80]. Si
nanoparticles wrapped in a three-dimensional hierarchically porous nanostructured
conductive polypyrrole framework with single-walled carbon nanotubes as the
electronic fortifier as shown in Figure 2-11. [72]
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Figure 2-11. Schematic illustration of the formation of 3D Si/PPy/CNT ternary electrode. [72]

Each Si nanoparticle is encapsulated within a thin polymeric coating layer and
closely incorporated within the conductive polypyrrole framework. The SWCNTs act
both as the wrapping layer and conductive backbone, which further enhance the
integration of Si nanoparticle/conductive polymer framework and electric conductivity
of the electrode.
Using the hierarchically designed 3D ternary nanostructured electrode Liu et
al. (2013) [72] achieved a reversible capacity of ∼1600 mAh/g and an average

Coulombic efficiency of ∼99.5% over 1000 cycles. Moreover, the capacity retention
sustained over 85% after 1000 deep cycles in the potential window of 0.01−1V versus
Li/Li+.
Bath lily-like graphene sheet-wrapped nano-Si composite
Searching for a low-cost, safe and environmentally friendly procedure to
fabricate Si anodes, He et al. (2011) [73] developed the concept of a bath lily-lile
graphene sheet-wrapped nano-Si composite as a high performance anode material for
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Li-ion batteries. They used commercialized Si powder and graphene sheets and spraydried a mixture of both to obtain a composite powder. In the end the obtained
graphene oxide-wrapped Si microparticles are reduced in a stream of hydrogen/argon
(2:8) at 700°C for 3 h to convert to the bath lily- like graphene sheet-Si composite (see
Figure 2-12)
He et al. (2011) [73] reported a capacity of more than 1500 mAh/g which is
equivalent to a capacity retention of about 88% after 30 cycles.

Figure 2-12. Schematic of the formation process of bath lily-like graphene sheet-wrapped nano-Si (GS-Si)
composite. [73]

Pomegranate-inspired nanoscale design
Liu et al. (2014) [74] designed a Si anode with the structure of a pomegranate.
They used nanosize single Si particles which are encapsulated by a conductive carbon
layer that leaves a well-defined internal void space for expansion and contraction. An
ensemble of these hybrid nanoparticles is then encapsulated by a thicker carbon layer
in micrometre-size pouches to act as an electrolyte barrier. The carbon framework
functions as an electrical highway and a mechanical backbone so that all nanoparticles
are electrochemically active. It also encapsulates the entire secondary particle, limiting
most SEI formation to the outer surface instead of on individual nanoparticles, which
not only limits the amount of SEI, but also retains the internal void space for silicon
expansion As a result of this hierarchical arrangement, the SEI remains stable and
spatially confined, resulting in superior cyclability (97% capacity retention after 1,000
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cycles). In addition, the microstructures lower the electrode–electrolyte contact area,
resulting in high Coulombic efficiency (99.87%) and volumetric capacity (1,270
mAh/cm3), and the cycling remains stable even when the areal capacity is increased to
the level of commercial lithium-ion batteries (3.7 mAh/cm2).

Figure 2-13. Schematic of the pomegranate-inspired design. a,b, Three- dimensional view (a) and simplified twodimensional cross-section view (b) of one pomegranate microparticle before and after electrochemical cycling (in
the lithiated state).[74]
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2.3

Pickering Emulsions

An emulsion, being part of the more general colloid class, is a mixture of two
or more liquids that are normally immiscible. In an emulsion, one liquid (the dispersed
phase) is dispersed in the other (the continuous phase). Pickering emulsions are
emulsions of any type, either oil-in-water (o/w), water-in-oil (w/o), or even multiple,
stabilized by solid particles in place of surfactants [81]–[83] (Figure 2-14).

Figure 2-14. Sketch of a Pickering emulsion and a classical (surfactant-based) emulsion. The solid particles
adsorbed at the oil–water interface stabilize the droplets in place of the surfactant molecules.[84]

A new class of emulsion stabilizers is represented by particles represent a
different class of emulsion stabilizers. Mixing oil and water forms small droplets
which are dispersed throughout the water. Driven by the thermodynamic force to
reduce the total amount of energy in the system, the droplets will eventually coalesce.
However, if solid particles, that are able to form Pickering emulsions, are added to the
mixture, they will bind to the surface of the interface and hinder the droplets from
coalescing, thus causing the emulsion to be more stable. A high stability is mainly
achieved by the fact that particles can absorb almost irreversibly to liquid−liquid
interfaces, allowing emulsions even extremely low concentrations of the dispersed
phase. In addition, intrinsic surface, thermal, optical and electrical and magnetic
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properties of particles can be exploited to produce emulsions that have greater
functionalities than surfactant stabilized ones. [85]
2.3.1

Physical chemistry of Pickering emulsions

The two main criteria of an emulsion to fulfill are the feasibility of
emulsification and time stability against any destabilization phenomenon (coagulation,
coalescence, Ostwald ripening). In order to establish Pickering emulsions the proper
adjustment of a suitable formulation and an efficient process are of particular
importance. The long term stability mainly depends on the formulation; but the
process also matters since the droplet size is often governed by the shear rate of the
emulsification process. However, apart from the process, also the physical chemnistry
of the stabilizing agent are of significant importance. These properties encompasses
the phenomena of adsorption of particles, droplet stabilization by adsorbed particles,
kinetics of adsorption that influence the emulsification process and rheological
properties that control creaming and sedimentation. [84]
2.3.2

Adsorption of nanoparticles at interfaces

Adsorption of solid particles at the oil–water interface requires the partial
wetting of the solid by water and oil. This is depending on interfacial energies of the
three interfaces: solid–water, solid–oil, and oil–water, respectively
ZXY .

WXY ,

ZXY

and

Partial wetting of the solid by water inside an oil medium requires that the

adhesion energy of water, ["\] (^/ ), is positive and the spreading coefficient of
water, (^/ ), is negative [84]:
["\] (w/o) =

WXZ

+

ZXY

− γcXd > 0
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(2.3-1)

S(w/o) =

WXZ

−

ZXY

−

WXY

<0

(2.3-2)

An equivalent point is to consider the wetting of the solid by oil inside a water
medium where the positive adhesion energy, ["\] ( /^), and the negative spreading

coefficient, ( /^), of oil read [84]:
["\] ( /^) = −S(w/o) =

WXY

+

ZXY

−

WXZ

>0

(2.3-3)

( /^) = −["\] (^/ ) =

WXY

−

ZXY

−

WXZ

<0

(2.3-4)

Solid particles with very hydrophobic or hydrophilic surfaces do not adsorb
because they would be totally wetted by the oil or water respectively. Therefore they
remain in the according phase.
Under partial wetting conditions, the contact angles in water, hY , and in oil, hZ ,

are given by the Young’s law (hZ = i − hY ) (see Figure 2-15):
cos(hY ) =

WXZ

−

WXY

YXZ

;

cos(hZ ) =

WXY

−

YXZ

WXZ

(2.3-5)

Figure 2-15. Schematic representation of a single droplet stabilized by solid particles and influence of the contact
angle on the preferred emulsion state

Adsorption of solid particles under partial wetting conditions is very strong.
The free energy of adsorption (the free energy input required for desorption of one
particle, either into the aqueous or the oil phase) is related to the interfacial tensions
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and the size of the solid particles. Since spontaneous entry of particles into liquid-fluid
interfaces is slow,[86] so mixing is used to accelerate this process. The energy ∆E
required to detach a spherical particle from an oil−water interface into either bulk
phase is given by [84]
mn\W [ = −iU 1

ZXY (1 − o

-(hY ))1 p q hY < 90°

(2.3-6)

mn\W [ = −iU 1

ZXY

(1 + o -(hY ))1 p q hY > 90°

(2.3-7)

The maximum stability of the emulsion is reached at a contact angle of 90° in
most cases [87]. Obviously, corresponding to the influence of the radius in Eqs. (2.36) and (2.3-7), large particles experience a larger adsorption free energy due to a larger
area contacting oil and water. However, nanoparticles strongly adsorb to oil–water
interface as well. Regarding the wetting-based theory, there is no lower limit of
particle size (Eqs. (2.3-6) and (2.3-7)). Indeed, the adsorption free energy is always
much larger than the thermal energy, even when the solid particles are very small. As
example, the adsorption free energy of spherical solid nanoparticles of 10 nm diameter
at the hydrocarbon-water interface (

ZXY

= 50t4tX9 ) having a contact angle of 90°

is Δn\W [ = 1.6 × 10X9w x, which is much larger than y2 (4 × 10X19 x 7 293 z).
[84]
2.3.3

Particles that stabilize Pickering Emulsions

The partial wetting condition is satisfied by many types of particles, either
inorganic or organic, for most common oils. A range of particles including carbon
black, silica, polystyrene, iron oxide, bentonite clay, and graphene oxide [88]–[95]
have been employed for emulsion formation. Determining the final characteristics of
the emulsion, the particle properties play useful roles [85]. Functional particles bring
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about

supplementary

properties;

as

examples,

thermosensitive

poly(N-

isopropylacrylamide) particles give temperature-sensitivity to the emulsions [89]–[93],
and pH-sensitive emulsions have been prepared with the help of pH-responsive
particles [85], [94], [95]. In this study we are using surface modified para-amino
benzoic acid (PABA)-terminated CB particles in suspension to form the Pickering
emulsions. These particles initially are nicely suspended in water but can meet the
partial wetting condition when the pH is shifted under 3.3 by becoming more
hydrophobic. [85]
2.3.4

Stabilization of emulsions by adsorbed particles

Destabilization of emulsions occurs in two successive steps: coagulation and
coalescence. The surface coating by solid particles mainly acts against coalescence.
The adsorbed layer of solid particles forms a rigid coating around the liquid droplets
that has been compared to an egg shell. Saha et al. (2013) [85] confirmed this behavior
for the CB particles used in this study. They found that with a concentration as low as
0.015% w/w CB the oil-water interface consists of closely packed particle aggregates
forming multiple layers. Reorganization of surface materials required for liquid
droplets to merge is prevented by mechanical barrier that prevents coalescence. The
mechanical strength of the particles layer comes from aggregation of solid particles at
the droplet surface. This phenomenon was also reported by Saha et al. (2013) [85].
Solid particles are held together at the oil–water interface by means of attractive
interactions which are required for building up the rigid layer of solid particles. In
particular capillary forces are specific to particles adsorbed at the liquid-liquid
interface. All types of interactions between adsorbed particles influence the stability of
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Pickering emulsions: dispersion, electrostatic… Even for interactions that are not
specifically interfacial, the presence of the oil–water interface influences their
contribution to the overall interactions. [84]
Solid particles may also control coagulation. As example, adsorbed charged
particles give rise to obvious electrostatic repulsions between the oil droplets of an
o/w emulsion in the same way as ionic emulsifiers do. A series of papers by Abend
and Lagaly reports the formation of particles networks between droplets keep them
apart and prevent coagulation by means of either a steric repulsion mechanism or by
thickening the continuous phase of the emulsion. [96]–[100]
2.3.5

Effects of excess particles and consequences on rheology

In general the required amount for a full coverage of the oil droplets is far
below 1%. Since the usual concentrations of emulsifier used in the fabrication of o/w
emulsions are in the range 0.1–1%, there is always excess emulsifier remaining in the
aqueous phase. This residual concentration of emulsifier is required in order to ensure
equilibrium adsorption to the droplets surface. In the case of Pickering emulsions, full
adsorption of the solid particles is possible because of the high affinity for the
interface under partial wetting. [84]
Only a small interfacial area can be stabilized, when only a low amount of
solid particles is used. This should result in very large droplets. A mild emulsification
process (vortex mixing) allows the formation of stable emulsions [101], [102].
Depending on the introduced shear to the emulsion, the droplets become smaller and
smaller. These droplets undergo coalescence once the mixing process is stopped.
Coalescence may be terminated when the interfacial area reaches the area
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corresponding to full coverage by the particles [101], [103]. Full emulsification can
only be reached, if the emulsion remains stable during this process. Otherwise free oil
is released and the dispersion process ends with a partial emulsification of the oil
[104]. Theoretically, the higher the amount of solid particles is, the smaller droplets
should be able to be prepared. However, an efficient emulsification process is
required. When the emulsification process is not powerful enough for creating the full
interfacial area that the solid particles can cover, only part of the solid particles is
adsorbed and the remaining is left as a suspension in the dispersing phase. As a
summary, the emulsification of o/w Pickering emulsions takes place under three
distinct regimes depending on the solid particle to oil mass ratio,
( ') (Figure 2-16). [84]

({7q o' -)/

Figure 2-16. Three regimes of emulsion formation depending on the particle concentration at constant oil
content.[105]

Indeed, there is no residual solid particle in the aqueous phase in the second
regime where the droplet size depends on the concentration of stabilizing particles.
Excess particles present in the aqueous phase in the third regime often cause
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thickening of the emulsion. Indeed the solid particles that can undergo partial wetting
by water and oil have a partly hydrophobic surface and consequently tend to aggregate
in water. The hydrophobic fumed silica particles that are often used for the
stabilization of Pickering emulsions are taken among the grades commercially
supplied as thickening agents [106]. Thickening emulsions is important regarding the
end use properties for practical applications. It is also advantageous because a high
viscosity slows down all destabilization phenomena. Thickening contributes to the
stabilization of emulsions. In the extreme case where the emulsion is gelled, the
stability along a long-term storage is excellent.
Upon mixing two types of particles that undergo heterocoagulation, Abend and
Lagaly built a percolating network of flocculated solid particles that were partly
adsorbed to the oil droplets of an o/w Pickering emulsion [96], [97], [99], [100].
Gelation of the aqueous phase prevented the coagulation and most other events
leading to de-stabilization quite efficiently. That thickening increases the stability of
emulsions is a well-known fact; it holds for Pickering emulsions as well [98].
Emulsion gels can be prepared on the same grounds [107]. Interestingly, the
flocculation of residual solid particles can be adjusted by physicochemical parameters
in order to control the viscosity of the emulsion. As example, hydrophobic silica
particles have a natural tendency to aggregation; but silica particles are stabilized by
electrostatic repulsive forces coming from the negative charge of the ionized residual
silanol groups. Addition of electrolytes weakens electrostatic repulsions, thus causing
supplementary aggregation and increasing the viscosity [108]. Above an electrolyte
concentration threshold (2 × 10−4 mol L−1 NaCl), the flow behavior of the emulsion

46

dramatically changed: a strong increase of viscosity occurred, a yield stress appeared,
and elasticity came up (the elastic modulus

′ increased as a function of the ionic

strength above the threshold). The consequence was a much slower creaming. The
fluid o/w emulsion at ionic strength below the threshold contained oil droplets
stabilized by adsorbed solid particles and excess solid particles dispersed in the
aqueous phase. The thick emulsion at high ionic strengths no longer contain free solid
particle since they are all aggregated together with oil droplets. Thickening should
provide supplementary stabilization of oil droplets; this phenomenon was not observed
because the emulsion was efficiently stabilized against coalescence by adsorbed solid
particles, even in its fluid state. Strong thickening and appearance of elastic behavior
makes the emulsion become a gel (Figure 2-17). Flow is possible however when the
applied shear stress overcomes the yield stress and the network is broken by the shear.
A careful choice of the ionic strength controls of the yield stress, and allows
maintaining the workability of the emulsion with respect to its practical applications.
However since the network of flocculated solid particle stabilizes the emulsion,
breaking the gel by shearing above the yield stress may cause coalescence of the
emulsion [109].
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Figure 2-17. The yield stress increases as a function of the concentration of electrolyte; a stress overshoot is
observed at the highest NaCl concentration (50 mM). The presumed structures of the silica particles are drawn on
the left side: the yield stress comes from a percolating network of aggregated silica particles (black dots) and oil
droplets (yellow circles) throughout the whole aqueous phase.
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2.4
2.4.1
2.4.1.1

Rheology

Rheological Measurements and Properties

Steady-State Shear Viscosity
In each geometry, the steady shear rate imposed on the fluid depends on a

driving velocity and the dimensions of the geometry. For the sliding-plate device, the
shear rate | is the velocity 3 of the moving plate (the other plate is being held

stationary), divided by the gap ℎ between the two plates; hence | = 3 ⁄ℎ. In the coneand-plate geometry, | = Ω⁄tan 5 , where Ω is the steady angular rotation speed of the

cone or plate and 5 is the cone angle, which is usually less or equal to about 0.1
radians. [110]
The shear stress

is the force that a flowing liquid exerts on a surface, per unit

area of that surface, in the direction parallel to the flow. The shear viscosity

is then

defined as
=
|

(2.4-1)

After a steady shearing flow has been imposed on a fluid for a suitable period
of time, the shear stress often comes to a steady state,
imposed shear rate | . The ratio of the steady shear stress

steady-state shear viscosity ( | ).
2.4.1.2

( | ), which depends on the
the shear rate | is then the

Transient Shear Viscosity
If the stress reaches a steady value only after a transient period of steady

shearing starting from a state of rest, then the instantaneous stress ( | , ) during the
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transient start-up period, divided by the steady shear rate | , is the transient start-up
viscosity
•(

|, ) =

( |, )
|

(2.4-2)

The superscript ‘+’ indicates, that the shear rate was increased from zero at
time t=0. This definition is only meaningful if the fluid at time

= 0 is in a well-

defined state, usually a stress-free state and if this starting state and the transient
viscosity are reproducible from one run to the next. The superscript ‘+’ is sometimes
omitted. Measurements of

•

( | , ) give information about rates of structural

rearrangement within a deforming complex fluid.
The creep test is a related way of obtaining time-depending rheological
information. In it, a constant shear stress is imposed on the material, and the shear rate
is measured as a function of time until a steady shear rate is obtained. The creep test is
especially useful for measuring the yield stress
‚

‚,

since if the imposed stress is below

the steady-state shear rate will be zero.

2.4.1.3

Storage and Loss Moduli
Another way to explore rates of structural rearrangement within a complex

fluid, one that does not significantly deform the fluid’s microstructure, is to impose
small-amplitude oscillatory shearing. This kind of deformation can be achieved in a
cone-plate geometry by rotating the cone about its axis with an angular velocity that
oscillates sinusoidally, Ω( ) = Ωƒ cos („ ), where „ is the frequency of oscillation,
in units of radians per second. The shear rate is then also a sinusoidal function of time,
| ( ) = Ω⁄tan 5 = Ωƒ cos(„ ) / tan 5, and so is the shear strain , which is the time
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= (Ωƒ ⁄„) sin(„ ) / tan 5. The ratio (Ωƒ ⁄„) is the

integral of the shear rate,

amplitude of the angular deflection of the cone, and

ƒ

= (Ωƒ ⁄„) / tan 5 is the strain

amplitude of the displacement of the sliding plate, divided by the gap.
If the strain amplitude

ƒ

is small enough (typically

ƒ

≪ 1) that the fluid

structure is not much distributed by the deformation, then the stress measured during
the oscillatory deformation is controlled by the rates of spontaneous rearrangements or
relaxation present in the fluid in the quiescent or equilibrium state. The shear stress
( ) produced by a small-amplitude deformation is proportional to the amplitude of
the applied strain

ƒ

and is itself sinusoidally varying in time. The maxima and

minima of the sinusoidally varying stress signal are not necessarily coincident with the
maxima and minima in the strain. In general, the sinusoidally varying stress can be
represented as
( )=

ƒ†

‡ („)

sin(„ ) +

The term proportional to

‡

‡‡ („)

cos(„ )ˆ

(2.4-3)

(„) is in phase with the strain and is called the

storage modulus, while the term containing

‡‡

(„) is in phase with the rate of strain |

and is called the loss modulus. The storage modulus represents storage of elastic
energy, while the loss modulus represents the viscous dissipation of that energy. The
ratio ′′⁄ ′, which is called the loss tangent tan ‰, is high (≫ 1) for materials that are
liquid-like, but is low (≪ 1) for materials that are solid-like. The regime of small
amplitude straining, in which the stress can be represented by Equation (2.4-3), is
called the linear viscoelastic regime.
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2.4.1.4

Types of Rheological Response
Differences between solid-like and liquid-like complex fluids show up in all

three of the shearing measurements discussed thus far: the shear start-up viscosity
•

( | , ), the steady-state viscosity ( )|, and the linear viscoelastic moduli

‡‡

(„). The start-up stresses of

= |

•

‡

(„) and

( , | ) of prototypical ‘liquid-like’ and ‘solid-

like’ complex fluids are depiced in Figure 2-18. For the ‘liquid-like’ fluid the viscosity
instantaneously reaches a steady-state value after a inception of shear, while for the
‘solid-like’ fluid the stress grows lineary with strain up to a critical shear strain, above
which the material ‘yields’ or flows at constant shear stress.

Figure 2-18. Illustration of transient shear stress ( ) for ‘liquid-like’ and ‘solid-like’ materials.

Figure 2-19 shows schematic curves of the steady-state shear stress and shear
viscosity versus shear rate for ‘solid-like’ and ‘liquid-like’ complex fluids. For a
‘solid-like’ complex fluid, the steady-state shear stress is independent of shear rate
(Figure 2-19a), and so the shear viscosity decreases with increasing shear rate as
( | ) ∝ | X9 . A decreasing shear viscosity with increasing shear rate is referred to as
shear thinning. For the ‘liquid-like’ complex fluid, there is no shear thinning, the
viscosity is a constant (Figure 2-19b). This means that the shear stress increases
linearly with shear rate, ( | ) ∝ | .
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Figure 2-19. Illustrations of shear-rate-dependent (a) shear stress
prototypical ‘liquid-like’ and ‘solid-like’ materials

The storage and loss moduli

′ and

( | ) and (b) shear viscosity ( | ) = ⁄ | for

′′ for our prototypical ‘liquid-like’ and

‘solid-like’ fluids are shown in Figure 2-20. For the ‘liquid-like’ fluid, the storage
modulus is much lower than the loss modulus, and it scales with frequency ′ ∝ „1 ,
the loss modulus is linear in frequency,
region in which
‘solid-like’ fluid,

‡
‡

′′ ∝ „. The low-frequency ‘liquid-like’

and ′′ obey these power laws is called terminal region. For the
≫ ′′, and ′ is nearly frequency independent.
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Figure 2-20. Illustrations of frequency-dependent storage and loss moduli ′ and ′′ for prototypical ‘liquid-like’
and ‘solid-like’ materials

2.4.2

Rheology of Particulate Gels

In ‘Sol-Gel’ processes a liquid suspension, or ‘sol’, of colloidal particles is
‘gelled’, or flocculated, into a quasi-solid mass by addition of a chemical agent [111].
For an initially stable sol composed of colloidal particles, the gelling agent, which is
usually a pH modifier, an electrolyte, or a polymer, produces gelation by reducing
repulsive particle-particle interactions, so that attractive van der Waals forces can
draw particles into near contact. If the particle concentration is high enough, a samplespanning network of such contacts forms, producing a solid-like gel phase.
A way to produce a sol phase is to use particles whose surfaces in solution are
charged, resulting in electrostatic stabilization of the sol. Addition of acid or an acid
former then tends to neutralize these groups, like hydroxylic or carboxylic groups,
producing gelation.
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Rheological measurements on concentrated, strongly flocculated gels are
hampered by the following difficulties [112]–[114]:
1. Poor reproducibility
2. Sensitivity to gel preparation
3. Sensitivity to shear history
4. Extremely limited range of linear viscoelastic response
5. Slip
The first three of these difficulties arise because of the nonequilibrium
structure of strongly flocculated gels. Particles bound strongly together in their
primary van der Waals potential minima are unable to rearrange within laboratory
time scales; hence the structures cannot relax to achieve thermodynamic equilibrium.
Therefore, the gel structure depends on preparation history, including any deformation
experienced by the gel prior to the rheological measurement.
2.4.2.1

The Rheology of Strongly Flocculated Gels
A strongly flocculated dispersion can be considered when the particle

concentration is high enough to produce a rigid gel network. Once particle-particel
contacts are formed, they are released so infrequently that particle rearrangements are
strongly suppressed. Thus, the time for equilibration of the structure, given by a
relaxation time Œ, is too long to occur within the experimental time frame, which is
usually no more than several hours. The ‘Newtonian’ zero-shear viscosity is only
attained at shear rates | ≤ Œ X9 , and these rates are too low to be accessed. Thus,
strongly flocculated gels are characterized by a yield stress, rather than a zero-shear
viscosity. Other rheological quantities that are important for strongly flocculated gels
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include compactive strength, linear (and nonlinear) elastic moduli at high and low
frequencies, and the shear-rate-dependent viscosity. The dependencies of these on
particle size, particle concentration, and particle-particle interaction are important for
the processing of colloidal gels.
Rheological measurements are difficult on strongly gelled colloids, and data
often do not reproduce well. Multiple runs often must be averaged together to reduce
data scatter. Strongly flocculated suspensions are by definition not at equilibrium, and
so their properties are sensitive to preparation technique and deformation history. In
addition, in large-deformation or continuous shearing, slipping of the gel against the
surfaces of the rheometer tools is always a danger. [113], [115], [116]
The volume fraction dependence of the high-frequency modulus
minimum particle concentration is expected to behave like
[119]. However, over most of the range of •,

Ž

Ž

Ž

above the
‘

∝ R• − •• T [117]–

increase with • roughly as [114],

[120]
Ž

∝ •’

(2.4-4)

A similar result is obtained for the yield stress in shear
is smaller,

‚

‚,

except the exponent

∝ Φ” . Such power laws have been derived from theories that model the

gel as a network of interconnected fractal clusters [121]–[123].
The modulus of strongly flocculated gels tends to be highly strain-dependent,
with linear behavior confined to very low strain amplitudes [121]. As flocculation
becomes stronger, the strain sensitivity increases. In addition, strongly flocculated gels
are likely to be more brittle than weakly flocculated ones, in that they are harder than
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weakly flocculated gels, they cannot be deformed as much without fracturing [124].
This finding is if considerable importance for the processing of gel bodies.
Thus, the mechanical properties of a gel depend not only on particle radius 7

and concentration •, but also on the flocculation strength. For gels in aqueous media,
the mechanical properties therefore depend on the charge on the particle surfaces, as
well as on the type of ions that might be bound to them. By adding acids or bases the
pH is adjusted, which change the surface charge of the particles, presumably through
surface binding of /• or

/ X. The yield stress

‚

is maximized at the isoelectric

point.
2.4.2.2 Yield Stress and Elastic Modulus
Developing accurate theories for strongly flocculated gels is challenging, since
the structures of such gels are not at thermodynamic equilibrium. It might be able to
assume that such gels are in a state of static equilibrium in which the forces acting on
each particle are in balance. Since the interaction potential between particles in a
strongly flocculated gel has a minimum •”Q‘ = •(–ƒ ) that is deep compared to y— 2,
gaps between neighboring particle surfaces in such gels will presumably almost be
close to –ƒ , unless the gel is subjected to a mechanical strain. Therefore, the shape of

the potential •(–) near –ƒ is important in determining the gel’s mechanical
properties.

Sensitivity to the shape of •(–) differentiates weakly from strongly
interacting particles. For weakly flocculated gels, the precise shape of the potential is
not important. But insensitivity to the shape of the potential can only be expected
when the particles are only weakly bound by that potential, so that rapid, thermally
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driven changes in particle-particle separation average out the details of the shape of
the potential. For strongly flocculated gels, the particle-particle separation remain
trapped near the minimum in the potential well, and the shape of the well near this
minimum matters much more.
In a static equilibrium one can attempt to estimate the dependence of the yield
stress

‚

and the modulus

on the shape and depth of the interparticle potential. For a

gel subjected to a shear strain

that homogeneously displaces particles from their

position of static equilibrium. Pairs of particles are pulled apart by this strain, and
separation between particle centers of mass should increase roughly by an amount qƒ ,
where qƒ ≡ 27 + –ƒ is the separation between the centers of mass in the absence of

strain. Hence, the imposition of a strain

increases the gap between particle surfaces

from –ƒ to
– ≈ –ƒ + (27 + –ƒ )

If

(2.4-5)

is small, the increased separation of particles is already large relative to the

initial gap –ƒ . Thus the ratio the gap between particles after the strain to that before
the strain is
qƒ + –ƒ † (27 + –ƒ ) + –ƒ ˆ 2 7
=
≈
–ƒ
–ƒ
–ƒ

(2.4-6)

Since the ratio 27⁄–ƒ is usually large (≳ 100), even a strain of only 1%
multiplies the gap between neighboring particles by a factor of two or more. From
this, it is obvious why strongly flocculated gels, with particle-particle gaps as low as
1nm, are so strain-sensitive [120].
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= −• ‡ (–) with – = –ƒ + (27 + –ƒ ) is produced by this

A force

increased separation between the particles, where •′ is the derivative of • with
respect to D. This force would restore the original interparticle spacing if the shearing
stress were removed. The macroscopic stress

is this force times the number of

interparticle bonds that cross a unit area of the sample; this latter factor should scale as
• 1 ⁄71 [125]. As long as the local applied force increases with increased strain,
increases with increasing strain, and the gel maintains its mechanical stability. But
once the strain reaches the point that the slope • ‡ of the potential is a maximum, any
further strain produces a decreasing force, and the interparticle structure breaks apart.
This corresponds to the point of yield. Thus, the yield strain

‚

is given by the

condition that the second derivative •′′ of •(–) is zero; that is • ‡‡ R–‚ T = 0, where

–‚ = 2 ‚ 7 + R

‚

+ 1T–ƒ is the value of – for which • ‡‡ = 0. Larson (1990) [126]

suggested that the maximum of • ‡ might to be expected when separation – = –‚ is
on the order of twice –ƒ , the value of – at static equilibrium.
The yield stress is proportional to

”nV

‡
= •”nV
= • ‡ (–‚ ) times the number

ot interparticle bonds that cross a unit area of the sample, • 1 ⁄71 thus
‚~

•1 ‡
• (–‚ )
71

(2.4-7)

Larson (1990) [126] suggested that • ‡ can be estimated as – •”Q‘ •–ƒ at the
yield point. Considering only van der Waals interactions and electrostatic interactions
with a constant surface charge, the equation for •”Q‘ is the following
•”Q‘ ≈ −

7,ž
+ Ÿ 17
12–ƒ

(2.4-8)
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where
≡ 2i

ƒ

ln ¢

1−

1
¤
{(−£–ƒ )

(2.4-9)

Hence from these equations we obtain
‚~

• 1 7,ž
+ Ÿ1¦
¥
71 12–ƒ1 –ƒ

The linear modulus

(2.4-10)

can be estimated by analogously[125].

the stress divided by the strain , where

is small enough that

is defined as

is independent of .

is given by roughly (• 1 ⁄71 )• ‡ (–), with – given by

As argued above, the stress

Equation (2.4-5)). If the quantity ⁄ is to be independent of strain, then

must be

small enough that •′ can be linearized in –.

• ‡ (–) ≈ • ‡‡ (–ƒ )(– − –ƒ ) ≈ • ‡‡ (–ƒ )27

(2.4-11)

Since ~ (• 1 ⁄71 )•′⁄
~

2•2
7

• ‡‡ (–ƒ )

(2.4-12)

Thus, the linear modulus is controlled by the curvature of the particle-particle
potential • at its minimum. This local curvature is extremely sensitive to the details
of the particle-particle interactions at close separations [127]. Larson (1990) [126]
estimates • ‡‡ (–ƒ ) ≈ −•”Q‘ (–ƒ )⁄–ƒ1 , so Equation (2.4-8) combined with Equation
(2.4-11) and (2.4-12), gives
~

2•2
–ƒ1

,ž
− Ÿ 1¨
§
12–ƒ

The above arguments imply, that

(2.4-13)

⁄

‚

≈ 27⁄–ƒ , which means, that the

modulus is a couple of orders of magnitude larger than the yield stress. [120]
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2.5

Gel Processing

Gels are three-dimensional networks made up of molecules, polymers,
particles, colloids, etc., that are connected with each other by the specific parts on
them such as functional groups and associative groups. The connected parts are called
cross-links. Gels usually contain many solvent molecules inside their networks, and
hence they are close to liquid in composition, but show solid-like mechanical
properties due to the existence of the cross-links. [128]–[130]
The process of drying of a porous material can be divided into several stages.
At first the body shrinks by an amount equal to the volume of liquid that evaporates,
and the liquid-vapor interface remains at the exterior surface of the body. The second
stage begins when the body becomes too stiff to shrink and the liquid recedes into the
interior, leaving air-filled pores near the surface. Even as air invades the pores, a
continuous liquid film supports flow to the exterior, so evaporation continues to occur
from the surface of the body. Later the liquid becomes isolated into pockets and drying
can proceed only by evaporation of the liquid within the body and diffusion of the
vapor to the outside. To summarize, the drying stages are the following:

1. Period of constant rate drying
2. Critical Point
3. First period of falling drying rate
4. Second period of falling drying rate
As you can see in Figure 2-21 capillary tension develops as liquid flows to
prevent exposure of the solid phase by evaporation, and the network is drawn back
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into liquid. The network is initially so compliant that little stress is needed to keep it
submerged, so the tension in the liquid is low and the radius of the meniscus q is large

Figure 2-21b. As the network stiffens, the tension rises and q decreases. At the critical

point, the radius of the meniscus becomes equal to the pore radius, then the constant
rate period ends and the liquid recedes into the gel. [111]
In this section an overview about occurring drying stresses and appearing
fractures and how to avoid them will be given.

Figure 2-21. Schematic illustration of the drying process.[111]
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2.5.1

Drying Stress

The reasons for drying stress to occur in the studied emulsion are a nonuniform pressure distribution and stress induced by the liquid.
2.5.1.1 Pressure distribution
The course of drying during the constant rate period is illustrated schematically
in Figure 2-21. Liquid flows toward the outside to prevent exposure of the solid
network. As the liquid stretches to cover the solid phase it goes into tension (concave
menisci form). The tension is balanced by compressive stresses on the solid phase that
tend to such the network under the surface of the liquid. The more compliant the
network, the less effort has to be expended to keep it submerged, the tension in the
liquid, , rises only as high as necessary to achieve that. The radius of curvature of the
meniscus is initially much larger than the pore radius. The faster the evaporation and
the stiffer the network, the greater the tension in the liquid must be to pull the network
under. As long as the network is sufficiently compliant, the liquid-vapor interface
remains at the exterior surface of the body. However, the maximum pressure that the
liquid can exert is related to the pore size of the network. The critical point is reached,
when that negative pressure (

©)

cannot compress the network fast enough for the

volumetric contraction rate to equal the rate of evaporation.
During the constant rate period the tension in the liquid does two things: it
compresses the network and induces flow from the interior. For the meniscus to
remain at the surface of the network, the rate of evaporation (3|ª ) must equal the flux
of liquid (x) to the surface, which is given by Darcy’s law:
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xP«¬-n®¯ =

– ±
∇ |P«¬-n®¯ = 3|ª

(2.5-1)

°

where – is the permeability of the network and

°

is the viscosity of the liquid.

The lower the permeability, the greater the pressure gradient must be to support a
given evaporation rate. The reason that gels are more difficult to dry than ordinary
ceramics is that the permeability of gels is very low (because of the small pore size),
so modest drying rates produce very steep pressure gradients. The higher tension in
the liquid near the outer surface make that portion of the network shrink faster than the
body as a whole, so it tends to crack. The steeper ∇ , the greater the difference in
shrinkage rate between the exterior and interior, and the more likely the gel is to
fracture.
As the gel shrinks, the viscosity of the network increases and this causes an
increase in

. The syneresis pressure is negligible compared to the capillary stress

near the end of the constant rate period, so the tension in the liquid at the surface of the
plate is
( )=

z´ 3|ª

¢

35
− 2¤
tanh(5)

(2.5-2)

where z´ is the bulk viscosity of the network. The constant rate phase ends
when the increasing viscosity causes

( ) to rise to

©,

the maximum value of

tension, when the radius of the meniscus becomes equal to that of the pore, and the
liquid-vapor interface recedes into the gel.
2.5.1.2 Stress
If the pressure in the liquid were uniform, the network would be uniformly
compressed and there would be no tendency to crack. However, the low permeability
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of the gel gives rise to a pressure gradient, so the tension in the liquid is greater near
the drying surface, and the contraction of the network is consequently greater. The
difference in shrinkage rate between the inside and outside of the body is the cause of
drying stress.
2.5.2

Avoiding Fracture

Drying produces a pressure gradient in the liquid phase of a gel, which leads to
differential shrinkage of the network. When the exterior of the gel tries to shrink faster
than the interior, tensile stresses arise that tend to fracture the network at the exterior.
As shown in Figure 2-22 the material on either side of the crack can contract more
freely, so it is favorable for the crack to grow into the drying surface. If the pressure in
the liquid were uniform, the whole network would be isotropically compressed and the
gel would shrink without risk of cracking. However the higher tension in the liquid at
the exterior causes greater contraction of the network in that region. Since that
contraction is inhibited by the slower-contracting interior, the network at the exterior
is effectively stretched, and this promotes cracking. Thus, it is the differential
contraction that produces macroscopic tension in the network and causes
cracking.[111]

Figure 2-22. Schematic illustration of stress relief at the drying surface of a gel.
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Cracking occurs when the stress in the network exceeds its strength. Fracture
of brittle materials depends on the presence of flaws that amplify the stress applied to
the body. [131] That is, if a uniform stress

V

is applied to a body containing a crack

with a length of o, the stress exceeds the strength of the material. The theory of linear
elastic fracture mechanics (LEFM), indicates that catastrophic crack propagation when
V √io

≥ z¸#

(2.5-3)

where z¸# is a material property called the critical stress intensity factor and

V

represents the applied stress. Crack growth is called ‘catastrophic’, because the stress
intensity increases with the size of the crack, so the bigger the crack gets, the faster it
goes until it reaches the speed of sound.
The theory of LEFM applies for brittle elastic materials, whereas gels are
viscoelastic, so the theory would be expected to apply only when the strain rate is too
fast for significant relaxation to occur. It can be shown [132] that there is an elastic
region near the tip of a moving crack whose dimension, ¹, is given by
¹~º® Œ»ª

(2.5-4)

where º® is the velocity of the crack and Œ»ª is the viscoelastic relaxation time.
There is a zone of plastic deformation near the crack tip with a characteristic
dimension of
¹¼ ~Rz¸# ⁄

where

‚

1
‚T

(2.5-5)

is the yield stress. The concept of critical stress intensity is

meaningful as long as ¹¼ ≪ ¹ [132]
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Figure 2-23. Schematic illustration of cracking resultin from draining nonuniform pores. (a) Liquid covers surface
before drying starts; (b) larger pores empty first, after critical point. The higher tension in the smaller pores creates
stress that cracks the ‘wall’ between the pores. [133]

Cracking is sometimes attributed to the existence of a pore size distribution in
the gel [133], [134]. As indicated in Figure 2-23, when larger pores are emptied by
evaporation, the wall between adjoining pores is subjected to uneven stress that can
cause cracking. This provides a simple explanation for the observation that cracking
often occurs at the critical point, as the pores begin to empty. However this does not
explain, why cracking is prevented by slower evaporation. Slower drying makes the
drying front more irregular on the scale of the pore size [49], so fracture would seem
to be more probable at slower drying rates if uneven draining were the problem.
Another difficulty with the model is that the resulting flaw would be a ‘point defect’
similar in size to the pore diameter, which is too small to produce a catastrophic
failure. However, one could argue that these small cracks could link together as the
drying front advanced until a critical flaw size was produced. That flaw would
propagate catastrophically if Equation (2.5-3) were satisfied. The portion of the flaw
under tension would be equal to the width of the drying front, so o in Equation (2.5-3)
should be replaced with ^.

V √^

increases as (¹q½ ¾ q7 )(⁄+ , so this version of

the model accounts for the success of slow drying. However, it suggests that the
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slowly dried body could be full of subcritical cracks. If cracks actually open up during
nominally successful drying, they must heal when drying is complete.[111]
Thus there are two models for the origin of drying cracks. According to the
first theory the stress rises continually until the ritical point (time
enough that

©

© ).

If drying is slow

> Œ⁄3, the purely viscous solution applies near the end of the period of

continuous drying rate. It is unlikely that the parameter 5 is large at
probably given by,

V

≈

©

1

° ⁄–/´ .

©,

so the stress is

The tension in the network is macroscopic and

will cause catastrophic growth of pre-existing flaws of size o if Equation (2.5-3) is
satisfied. The magnitude of the stress on the network is proportional to the maximum
capillary stress,

©.

If this theory is correct, cracking will be reduced by slower drying,

larger pores (which increases – and reduce
° ).

© ),

and less viscous pore liquid (lower

The other model of fracture depends on macroscopic processes. If the

microcracks percolate into a macroscopic flaw, catastrophic failure will occur. The
formation of microcracks results from the application of the pressure

©

across the

pore wall and is not influences by drying rate. If this model is correct, successful
drying requires minimizing the capillary stress and increasing the strength of the gel.
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CHAPTER 3 PRELIMINARY WORK
This work is based on the preliminary work of Chen et al. (2014) [5], who
studied high capacity Si/C anodes prepared using emulsion-templated direct assembly.
This simple, inexpensive processing strategy is designed to overcome many of the
limitations (see Section 2.2.1) that deter more widespread adoption of Si based
anodes. Si nanoparticles are encased in the oil phase of an oil-in-water emulsion
stabilized by carbon black (CB). These CB nanoparticles are both oil- and waterwettable. The hydrophilic/hydrophobic balance for the CB nanoparticles also causes
them to form a network in the continuous aqueous phase. Upon drying this emulsion
on a current collector, the CB particles located at the surface of the emulsion droplets
form mesoporous cages that loosely encapsulate the Si particles that were in the oil.
The CB particles that were in the aqueous phase form a conducting network connected
to the CB cages. The space within the cages allows for Si particles expansion without
transmitting stress to the surrounding carbon network. The increased anode
conductivity provided by carbon reduces capacity fading. For this reason the anodes
maintain

good

electrical

contact

with

the

current

collect

over

multiple

charge/discharge cycles. Good conductivity and low contact resistance also promote
efficient lithiation and delithiation.[11]
3.1

Preparation of the Si/CB Anode and Cell Fabrication

Chen et al. (2014) [5] used para-aminobenzoic acid-terminated carbon black
suspension in water at pH 7.5 for their study. The technique used to prepare the Si/CB
anode is shown in Figure 3-1.
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Figure 3-1. Schematic illustration of the emulsion-templated directed assembly method to prepare Si/CB anodes.[5]

1 N hydrochloric acid is added to a 1.5% w/w CB suspension to a final
concentration of 0.01 N. Addition of the acid protonates some of the surface
carboxylate groups on the CB and increases the hydrophobicity of the initially highly
hydrophilic particles. This hydrophilic/hydrophobic balance allows CB particles to
reside at the oil−water interfaces during the subsequent emulsification step. It also
causes the CB to form a connected network in the aqueous phase.[85]
A 2.5% w/w suspension of Si nanoparticles in octane is mixed with the CB
suspension at a ratio of 3:5 by volume. The ratio of the weights of Si nanoparticles to
CB is 1:1. An aqueous solution of the binders carboxymethyl cellulose (CMC) and
polyvinyl alcohol (PVA) [65], [135] at a mass ratio of 1:1 is then added to the
emulsion. The volume of the CMC/PVA solution is adjusted so that the final weight of
binder after drying is 10% of the total anode mass (Si + CB + binder). After another
10 min of vortexing, 0.5 mL of the emulsion is placed on a stainless steel coin cell and
dried overnight in an oven at 50 °C. This gentle and uniform drying process, the
elastic modulus of the CB network and the presence of the binder, minimizes cracking
caused by differential or rapid shrinkage of emulsion.[136]
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CR2032 type coin cells were assembled with specially designed current
collector anodes and a lithium metal counter electrode. The anode loading was
maintained at ∼0.6 mg/cm2, for all samples, and the coated layer thickness was ∼100
µm. The electrolyte was 1.2 M LiPF6 in a mixture of fluoroethylene carbonate (FEC)/
ethylmethyl carbonate (EMC) at a ratio of 3:7 v/v.
3.2

Physical Characterization

Figure 3-2A is an optical microscope image showing O/W emulsions, with an
average oil droplet size, measured using image J software of 100 drops, of ∼20
µm.[137] We confirmed that this was an oil-in-water emulsion by adding a drop of
water and a drop of octane to the emulsion. The water spread immediately, while the
octane remained as a Si on the surface. A cryo-SEM image of a droplet is shown in
Figure 3-2B. The porous CB cage surrounding the drop and the SI nanoparticles in the
oil are shown in the magnified images.
As a rough estimate, each 20 µm octane droplet contains on average 5 × 104
NP. Thus nearly 99% of the volume inside the emulsion drop is unoccupied. The
dimensions of the region occupied by the Si NP drops change by roughly a factor of 3
after drying, still leaving adequate space for Si expansion during lithiation. We note
that this method of forming emulsions cannot guarantee that each oil droplet will have
the same size or contain the same number of nanoparticles. This is a stochastic process
that depends upon the mixing conditions. After drying at 50 °C in an oven and
examining this sample using FE-SEM, the droplet morphology is visible (Figure
3-2C). Elemental mapping using EDS, shown in Figure 3-2D, confirms that the Si
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nanoparticles are confined to the ‘oil’ regions, and the CB particles surround these
patches of Si nanoparticles.

Figure 3-2. (A) A light microscope image of the Si/CB emulsion (diluted 10X with water). (B) A cryo-SEM image
of the Si/CB emulsion. The magnified areas shown in the panels show CB and Si, respectively. (C) A FE-SEM
image of the Si/CB electrode after drying the emulsion. (D) An EDS based elemental map of Si and C in (C). Most
of the Si nanoparticles are in the regions previously occupied by octane, while the carbon is mostly confined to
outside the Si-rich regions.[5]

The surfaces of the anodes before and after cycling are shown in Figure 3-3.
Both the fresh Si/Super P physically mixed anode and the fresh emulsion-templated
Si/CB anode look smooth with no obvious cracks (Figure 3-3A and Figure 3-3C).
After 50 cycles, many cracks formed on the surface of Si/Super P physically mixed
anode (Figure 3-3B) indicating that the Si particles underwent extensive volume
expansion and contraction, and these stresses were transmitted to the anode. The
diameter of the Si NPs measured from the SEM images is ∼100 nm, twice the original
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size, confirming the irreversible expansion of these particles at the end of 50 cycles.
These volume changes lead to breaks of the SEI formed during the first lithiation, with
concomitant exposure of fresh Si surfaces to the electrolyte, and additional SEI
formation. Loss of active material, loss of electronic contact with the electrode, and
persistent formation of new SEI are partly responsible for the capacity fade in the Si/
Super P anode. No surface cracks and no pulverization of the Si nanoparticles were
observed in the emulsion-templated Si/CB anode after 50 cycles (Figure 3-3D). This
result is consistent with the electrochemical performance. Two important advantages
of the Si/CB emulsion method improved the electrochemical performance and reduced
the pulverization. Since many of the silicon NPs are encapsulated by a CB ‘shell’, they
are more protected from the electrolyte, and much of the SEI was formed on the CB.
This SEI remains stable during the cycling. Additionally, the protective CB cage
around the Si NP allows expansion of the Si without significant breakage of electronic
contact with the current collector. We suggest that these features are responsible for
the slower capacity fade in the emulsion template anode.
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Figure 3-3. FE-SEM image of (A) fresh physically mixed Si/Super P anode. (B) The surface of the anode A after
50 cycles. The inset shows a magnified image of the region outlined. The Si NP are of the order of 100 nm,
considerably expanded from their original size of 50 nm. (C) Fresh emulsion-templated Si/CB anode. (D)
Emulsion-templated anode after 50 cycles. [5]

Figure 5 shows the morphology of Si NPs after cycling. As shown in Figure
3-4A, the Si NP in the Si/Super P anodes suffered severe pulverization, and lost their
distinctive spherical morphology. EDS data showed a significant amount of elemental
Si in the SEI layer, comparable to the Si content away from it, suggesting that some
small pieces of Si broke away and remained in the SEI when Si NPs shrank during
delithiation. For the emulsion-templated Si/CB anodes, the spherical shape of Si NPs
74

was retained, as shown in Figure 3-4B. Compared to the center of Si NP, very little Si
was detected around the particles, implying that Si NPs did not suffer severe
pulverization.

Figure 3-4. TEM images of (A) physically mixed Si/Super P anode. (B) Emulsion-templated Si/CB anode. The
insets show the elemental compositions from selected areas. The dark blue arrow indicates a small piece of Si and a
light blue arrow indicates the whole Si NPs.[5]

3.3

Electrical Characterization

The electrochemical cycling performance of the cells isshown in Figure 3-5.
Figure 3-5A shows voltage versus capacity (all capacities are calculated based on the
combined mass of Si and CB) for the Si/CB half cells at the first, fifth, 10th, and 50th
cycle in the range 0.05 V to 1.5 V vs Li/Li+. The plateau in the first cycle occurs at
0.18 V, indicative of lithiation of crystalline Si. The fifth and 10th cycles display
higher capacity and good charge/discharge reversibility, showing that Si lithiation is
more complete, and a stable SEI had formed, by the fifth cycle. Figure 3-5B shows
that the Coulombic efficiency and delithiation capacity during the first cycle are low,
about 55% and ∼1540 mAh/g, respectively. The low first cycle efficiency is
associated with SEI formation around the CB particles, promoted by their high
specific surface area, as well as SEI formation around the Si NP.31 The delithiation
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capacity increased to a maximum 1940 mAh/g after five cycles, indicating that most
of the Si NPs have been activated by the fifth cycle. The delithiation capacity is
∼1300 mAh/g after 50 cycles. The Coulombic efficiency varied between 95% and
99% and was at 97.4% at the end of the 50th cycle. We note that at lower cycle rates,
Si lithiation can be much more complete at the end of the first charging cycle. The
capacity will then show a drop over the following cycles. Figure 3-5C shows capacity
retention, normalized by the maximum capacity, for anodes prepared using different
techniques. The emulsion-templated Si/CB anode has only slight fading after 50
cycles. The void spaces in the conductive carbon cages permit Si NP expansion and
contraction without transmitting excessive stresses on the surrounding CB network,
allowing the electrically conducting pathway to the current collector to be maintained.
However, the bare Si anode without conductive carbon and the physically mixed
Si/Super P anode show rapid fading due to attenuated electrical contact between the
anode material and the current collector as the Si NPs undergo volume changes during
cycling.
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Figure 3-5. Electrochemical characterization of anodes. (A) Voltage profile for the emulsion-templated Si/CB
anode during lithiation and delitiation. (B) Delithiation capacity and Coulombic efficiency of emulsion-templated
Si/CB anode at a rate of C/10 (current of 1 mA/cm2). The plots represent the average from three emulsion
templated anodes; the two error bars indicate the maximum spread in the data. (C) Comparison of the delithiation
capacity retention of different anodes, normalized by the maximum capacity. The plots are average values, and the
error bars indicate the data spread, from three samples for each type of anode. The difference in performance
between these anodes is statistically significant. [5]
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CHAPTER 4 MATERIALS
4.1

Silicon

Silicon nanoparticles with an average 50nm diameter (purchased by Alfa
Aesar) are used as active material in the anodes. Silicon nanoparticles possess high
purity, smaller particle size distribution, larger specific surface area, and lower bulk
density which makes it to be a very active surfactant. Si nanoparticles are non-toxic,
odorless, and with active features. The main function of the Si is to provide capacity to
the anode material. As mentioned in Section 2.2 due to its high specific capacity of
4200 mAh/g in this work Si is seen as the most promising material to achive high
capacity Li-ion batteries. Nanoparticles are used, because it was already shown in
previous studies [64] that already the transition from micro- to nano-size particles
leads to superior electrical behavior (see Section 2.2.2).
4.2

Carbon Black

Driven by their easy availability, range of surface chemistry, biocompatibility,
high specific surface area, their ability to absorb organics, their classification as GRAS
(generally regarded as safe) materials, and their fractal nature, the carbon particles
used in this study are a commercially available grade of surface modified paraaminobenzoic acid- terminated carbon black (CB) particles suspended in water at pH
7.5. These are able to create particle-stabilized octane-in-water emulsions (see
Pickering Emulsions, Section 2.3). The presence of the emulsifier particles in the
aqueous phase promotes the formation of oil-in-water emulsions. The CB particles are
aggregates of [107], [138] “primary” particles, each of diameter ∼20 nm, fused
together in a flame process. The resulting fractal particle is about 100 nm-200 nm in
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nominal size and has a specific surface area of approximately 200m²/g. In this work,
we take advantage of covalently linked surface groups that can be used to tune the CB
hydrophilicity, to consistently form oil-in-water emulsions. The pKa of the acid is
∼6.5. Thus, the carboxyl groups are deprotonated at pH 7.5

Figure 4-1. Surface modification of the used CB particles

Saha et al. (2013) [85] found that these particles can form multiple layers of
CB consisting of closely packed particle aggregates at the interface. Furthermore the
formed emulsions were found to be stable, as coalescence is surpressed by an
increased interfacial shear viscosity produced by the presence of a connected network
of particles at the surface. [85]
All these properties are beneficial for the production of the anodes. They
function as the conductive backbone by forming a cross-linking network, this network
gives a certain mechanical stability and due to the multiple layers of around the oil
droplets, the Si gets partially protected. This should lead to a more stable SEI.
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4.3

Reduced Graphene Oxide

Reduction of graphene oxide (GO) is a promising low-cost synthetic approach
to bulk graphene, which offers an accessible route to transparent conducting films and
flexible electronics.[139] The graphene oxide used in this study has already been
reduced and was purchased from Graphene Supermarked. The specific surface area of
these sheets is ~833 m2/g and the Oxigen/Carbon ratio is 10.5. The average flake
thickness is supposed to be 1 monolayer and the average size 3-5µm, however SEM
pictures of the sample showed significantly larger sheets and also multiple layers (see
Figure 4-2).

Figure 4-2. SEM image of the used reduced Graphene Oxide sheets

The conductivity of monolayer graphene mainly relies on carrier transport
within the carbon plane, as a result, functional groups attached to the plane are the
main influencing factor on its conductivity, while functional groups attached to the
edge have less influence. Consequently, the reduction of GO must be mainly aimed at
eliminating epoxy and hydroxyl groups on the plane, while other groups, e.g.
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carboxyl, carbonyl and ester groups, present at the edges or defective areas only have
a limited influence on the conductivity of an r-GO sheet. [140]

Figure 4-3. Schematic change of functional groups during the reduction of graphene oxide [139]

In this study, r-GO is used, because it can eventually further increase the
conductivity of the anode material. This could lead to higher capacities and better
capacity retention due to the availability of better conductive pathways.

81

4.4

Binder

The expansion and contraction during the charge/discharge processes of Sibased Li-ion batteries causes significant challenges in selecting the binder. Adhesion
strength between active materials and current collector is a critical issue for high
capacity active materials. The most conventional binder (poly(vinylidene fluoride),
PVDF) used for the batteries is attached to Si particles via weak van der Waals forces
only and fails to accommodate large changes in spacing between the particles. It
rapidly becomes inefficient in holding the particles together and maintaining electrical
conductivity within the anode, which is required for battery operation [141]–[143].
Compared with PVDF, the CMC binder shows smaller moduli, a larger maximum
elongation, a stronger adhesion strength on the current collector, and much smaller
solvent-absorption in organic carbonate.[144]
Mazouzi et al. (2009) [145] observed grafting esterification reaction between
SiOH groups present on the surface of Si nanoparticles and C(O)OH groups of CMC
when a pH 3 buffer solution is used for the electrode preparation. We propose that the
protonated groups of the CMC can also interact with the CB in order to form a
network. With this approach Mazouzi et al. (2009) [145] were able to produce a
battery where a very remarkable cycle life (more than 700 cycles at 960 mAh/g of
electrode at the C-rate) is observed. The control of the pH is necessary, because the
IEP of the Si particles was found to be approximately 3.5, in agreement with Xueman
et al. (2008) [146], and CMC pKa was 3.5 [147].
In this work a 1:1 mixture of CMC and PVA is used to improve the adhesion
between the particles and to the current collector while also providing some elasticity
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to overcome the volume changes of the silicon. By dropping the pH initially to a value
of 2, we provide an acidic environment, where the carboxylic groups are getting
protonated and can crosslink with the CB.
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CHAPTER 5 METHODS
5.1

Processing

The samples were made by using the approach of Chen et al. (2014) [148]. 0.1
N hydrochloric acid is added to a 1.5% w/w CB suspension to a final concentration of
0.01 N. In order to achieve the goal of reducing the amount of used CB other samples
made with a 0.75% w/w CB suspension and less were tested.
A 3.6% w/w suspension of Si nanoparticles in octane is mixed with the CB
suspension at a ratio of 3:5 by volume for 5 min. The ratio of the weights of Si
nanoparticles to CB is 1:1 and 2:1 and more with the more dilute suspension of CB.
An aqueous solution of the binders CMC and PVA [65], [135] at a mass ratio of 1:1 is
then added to the emulsion. The volume of the CMC/PVA solution is adjusted so that
the final weight of binder after drying is 10% of the total anode mass (Si + CB +
binder). After another 5 min of vortexing, 0.33 mL and accordingly 0.5 mL for the
less concentrated emulsoin is placed on a stainless steel coin cell and dried in a
circulating air oven. In order to study the effect of reduced Graphene Oxide, 3% and
5% of the carbon in the suspension were replaced by the r-GO.
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Figure 5-1. Schematic procedure of the emulsion templated anode production

Because the reduction of concentration showed significant limitations, the oilwater ratio was also changed. Without any silicon, the ability of a 1.5% w/w CB
suspension to emulsify higher amounts of oil was evaluated at pH 2. Emulsions with a
ratio oil-water-ratio of 1:1, 2:1, 3:1, 4:1, 5:1, 6:1 and 7:1 by volume were made by
vortexmixing for 1 min. The results were evaluated using optical microscopy and the
type was identified by trying to dissolve the emulsion in water and oil.
After evaluating the results, emulsions with a higher Si/C ratio were formed by
using less CB suspension with the former concentration of 1.5% relative to the oil
where the Si concentration was even slightly reduced.
Emulsions with a 4:1, 5:1 and 6:1 oil-water ratio by volume were produced
with a 2.1% w/w Si concentration in the oil phase. This corresponds to a final weight
of Si in the final anode of 72%, 75%, and 78% of the total mass (Si + CB + binder).
However the procedure remained the same. 0.1 N hydrochloric acid is added to a 1.5%
w/w CB suspension to a final concentration of 0.01 N. The 2.1% w/w suspension of Si
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nanoparticles in octane is mixed with the CB suspension at the different ratios for 5
min. An aqueous solution of the binders CMC and PVA [65], [135] at a mass ratio of
1:1 is then added to the emulsion. The volume of the CMC/PVA solution is adjusted
so that the final weight of binder after drying is 10% of the total anode mass (Si + CB
+ binder). In addition the PAA binder was used in the same way as the CMC/PVA
binder to evaluate the expected better adhesion to the current collector.
5.2

Rheological measurements of CB suspensions

For the rheological measurements an AR 2000ex Rheometer (TA Instruments)
is used. The AR2000ex design includes a unique ultra-low inertia drag cup motor and
porous carbon air bearings for outstanding controlled stress, direct strain and
controlled rate performance. The device is suitable for testing of viscous fluids, melts,
reactive materials and solids. The porous carbon bearing results in low residual torque
which allows torque control from 0.0003 µN.m to 200 mN.m with a resolution of 0.1
nN.m. The drag cup motor further reduces system friction and delivers a fast transient
response and an angular velocity control range up to 300 rad/s and a displacement
resolution of 40 nrad. The dynamic frequency range is between 7.5 10-7 and 628 rad/s.
All measurements are done with a 60mm stainless steel cone-plate with a 1° cone
angle. In addition a solvent trap is used to prevent evaporation.
Strain sweeps are done to define the linear viscoelastic region of the CB
suspensions. After the fluid’s linear viscoelastic region has been defined by a strain
sweep, its structure can be further characterized using a frequency sweep at a strain
below the critical strain

®.

This provides more information about the effect of
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colloidal forces, the interactions among particles. Furthermore a creep tests are used to
determine the yield stress of the suspension.
The rheological measurements are all done for CB concentrations of 3%, 6%, ,
9% and 12% after the addition of acid to an initial pH of 1, to make the CB particles
hydrophobic and form a network.
5.3

Physical Characterization

5.3.1

Light Microscopy

The Si/CB emulsion was observed by bright-field optical microscopy in a
Nikon Eclipse E 600 microscope (the sample for optical microscopy was diluted to
allow adequate transmittance)
5.3.2

Scanning Electron Microscopy

An uncycled emulsion-templated Si/CB anode was observed with the Zeiss
Sigma FE-SEM microscope.

Figure 5-2. Image formation system in a typical scanning electron microscope [149]
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5.3.3

Cryogenic Scanning Electron Microscopy (cryo-SEM).

Approximately 5 µL of the emulsion is placed on a cylindrical sample holder.
Both are then plunged into liquid nitrogen, rapidly solidifying the emulsion. The
sample is fractured with a flat-edge cold knife at −130 °C, then warmed to −95 °C for
a few minutes to sublime some of the residual octane and water in a Gatan Alto 2500
cryo station attached to a Zeiss Sigma FE-SEM. Sublimation enhances surface
topological details. The sample is then cooled back to −130 °C, sputtered with a
gold−palladium composite, then moved from the preparation chamber to the imaging
stage. The SEM is operated at 3 kV and 20 µA for imaging. The sample is maintained
at −130 °C during imaging. All of the processes starting from the fracturing to the
imaging take place under a high vacuum.
5.3.4

Transmission Electron Microscopy

Delithiated electrodes after 50 cycles were also characterized using a JEOL
2100 transmission electron microscope. For observation using the TEM, a small piece
was taken of the electrode and dispersed it in dimethyl carbonate. A drop of the
dispersion was then placed on a TEM grid and dried in a vacuum oven. The grid was
stored in an argon-filled vial until it was observed. Samples were loaded rapidly into
the TEM to minimize ambient exposure.
5.3.5

Energy-dispersive X-ray Spectroscopy

An uncycled emulsion-templated Si/CB anode was observed with the Zeiss
Sigma FE-SEM microscope and selected area energy dispersive spectroscopy (EDS)
in order to examine the spatial distribution of Si and C.
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5.4

Cell Fabrication and Anode Electrochemical Characterization

CR2032 type coin cells were assembled with specially designed current
collector anodes and a lithium metal working electrode (see Figure 5-3). The
electrolyte was 1.2 M LiPF6 in a mixture of fluoroethylene carbonate (FEC)/
ethylmethyl carbonate (EMC) at a ratio of 3:7 v/v.

Figure 5-3. An illustration of the coin-type cell parts and assembly. [150]

An Arbin BT2000 is used for the cycling test. All half cells are subjected to
galvanostatic (constant current) charge/discharge cycles with a cycling time of 10 h
(C/10, current density of 1 mA/cm2) from 0.05 V to 1.5 V versus Li/Li+ at ~25 °C,
starting with the fourth cycle. The first tree cycles are used to gently establish the SEI
at a cycling rate of C/25. All channels can be run completely independent allowing to
test multiple independent tests simultaneously. An accuracy of up to 0.02% for low
power and 0.05% for high power applications allows precise measurements of the
electrical properties. After a total number of 58 cycles, the testing is stopped and the
specific discharge capacity, Coulombic efficiency, and capacity retention is calculated.
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CHAPTER 6 RESULTS
6.1

Processing

The formation of the emulsions was possible for concentrations of the CB
suspension from 1.5% w/w down to 0.1% w/w for a 3:5 oil-water ratio without any
problems to report. However a brightening of color could be observed. Being initially
dominated by the black CB particles, the color becomes more and more similar to the
ochre of the Si. The explanation for this are Si particles, which are no longer in the oil
phase. It is likely, that some Si transverses the oil-water interface and is present in the
continuous phase. Because of the large excess of black CB particles at high
concentrations, the color still remains very dark. The lighter color when using less CB
does not necessarily mean, that more Si leaves the oil phase, but that less CB is
present as excess in the continuous phase. Using optical microscopy, the droplet
diameter and the presence of excess particles could be observed.

Figure 6-1. Light microscopy image of 3:5oil-water emulsion formed with a 0.1% w/w C suspension that contained
5% r-GO
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The average droplet diameter was evaluated using the image processing
software ImageJ analyzing more than 200 drops, and found to be ~40µm[137]. This
diameter does not change for higher CB concentrations, leading to the conclusion, that
the formation of the emulsion is done in the third regime (see Figure 2-16 in Section
2.3.5). That means that the oil-water interface is completely covered with CB particles
and any increase in concentration only leads to more excess particles in the continuous
phase. These excess particles were observed under the microscope. In Figure 6-2
agglomerates of CB and r-GO can be seen.

Figure 6-2. Light microscopy image of 3:5oil-water emulsion formed with a 1.5% w/w C suspension that contained
5% r-GO

So far there was no evidence that this really is an oil-water emulsion. A few
drops of water disperse immediately when added to this emulsion, while drops of
octane “bead” up. In addition, EDS in combination with cryo-SEM was used, where
the inside of the droplets clearly showed the presence of the carbon from the octane
and the continuous phase showed the oxygen of the water. These experiments confirm
that we have produced octane-in-water emulsions
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Figure 6-3. Cryo-SEM image of the emulsion

Despite the fact, that lower amounts of CB can emulsify the octane, it was only
possible to dry emulsions with an initial CB concentration of at least 0.75% w/w. All
other batteries showed cracking on the surface. Different drying temperatures were
tried to prevent this phenomena, and as suggested in Section 2.5.2, lower temperature
increased the quality of the results significantly. Finally 35°C were found to be
optimal for drying, providing a slow enough evaporation speed. Nevertheless, 0.75%
w/w of CB was found to be the lower limit. Figure 6-4 and Figure 6-5 show SEM
images of the cracked surface of an anode. As you can see in Figure 6-4 various noncatastrophic cracks occur that do penetrate trough the whole material to the current
collector. Some of these cracks were seen in all the anodes, but are not supposed to be
affecting the electrical performance since the conducting network is still maintained.
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Figure 6-4. SEM image of a cracked anode surface

In Figure 6-5 a catastrophic crack cut through the anode material. This is
undesired because the electrical pathway is broken, and electrolyte can penetrate into
the material and might soak it. The catastrophic cracks occur when the stress in the
network exceeds its strength. Being strong enough to withstand the drying stresses at
concentrations of 1.5% w/w and 0.75% w/w of the CB suspension, the strength of the
network becomes too weak at concentrations below. The strong dependence of the
network strength and the CB concentration will be shown in Section 6.2.
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A

B

Figure 6-5. SEM image of a catastrophic crack

A

B

Figure 6-6.Enlarged part A of Figure 6-5

Figure 6-7. Enlarged part B of Figure 6-5

On Figure 6-6 and Figure 6-7 enlarged parts of Figure 6-5 can be seen. The
remaining structure inside the catastrophic crack is shown. It shows the high porosity
of the material and that the former droplets are now about 10 µm in size. This is the
same size as the various round holes which can be seen on Figure 6-4 and Figure 6-5.
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Figure 6-8. SEM picture of the rough but uniform surface of the anode

The surface of an intact anode can be descriped as rough but uniform (see
Figure 6-8). The porous structure of the of the CB network is visible, however no
cracks can be identified.
A closer look is giving more information about the CB particles which formed
the network. Figure 6-9 shows the individual fractal CB particles, which actually seem
to form bigger round aggregates of about 100 µm in diameter. These aggregates must
have been originated when the pH of the CB suspension was lowered. The particles
become partially hydrophobic and start to attract each other. Because at 1.5% w/w CB
in the suspension, there might not be enough particles to form a network which can
occupy the whole space in the water phase. As a consequence, aggregates are formed,
that are able to stabilize the emulsion in the end.
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Figure 6-9. CB aggregates forming the network

Another information that can be estimated from Figure 6-9 is the pore size of the
network. It is obvious, that it is in the lower nanometer range (about 1-5 nm) which is
an explanation for the sensitivity of the material for cracking. Both, the water in the
continuous phase but also the octane have to evaporate through those pores ( see
Section 2.5). Consequently the CB concentration (corresponding to the network
strength) in the continuous phase is a key parameter for the processing of the Si/C
anodes.
Replacing larger amounts of C by r-GO turned out to be very difficult. Still the
formation of the emulsions was not causing any difficulties, but the drying
performance seemed to be reduced. This lead to a maximal replacement of only 5%
w/w of C. As a result, the battery with a 3% w/w replacement of C with r-GO finally
consist of 1.35% r-GO by total weight, and a 5% w/w replacement of C leads to
2.25% of r-GO in the total battery mass. Cracking during the drying process
prohibited the further increase of the r-GO concentration. The explanation for this
might be a weaker network structure due to the lower amount of functional surface
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groups on the r-GO sheets. As described in Section 4.3, in order to achieve good
carrier transport within the carbon plane, functional epoxy and hydroxyl groups on the
plane have to be eliminated. The r-GO used in this study has already been reduced. As
a consequence, the CB particles cannot interact with the r-GO sheets in the same way
they interact with each other. The attractive forces between the r-GO sheets and the
CB particles are lower, and as a result the network is weakened, which leads to more
cracking.
With the goal to increase the Si/C ratio more than the 2:1 that was achieved by
reducing the CB concentration in the suspension, the ability of CB so stabilize
emulsions with an inverse oil water ratio was evaluated. It was found that an oil-water
ratio of up to 6:1, could be achieved without any excess oil or phase inversion. The
absence of phase inversion was confirmed by adding a few drops of water to the
emulsion, that dispersed immediately. The ratios of 4:1, 5:1 and 6:1 correspond to an
80%, 83% and 85% of oil in the emulsion. The fact, that water is still the continuous
phase and oil droplets are dispersed is remarkable. An interesting observation has
been, that the viscosity of these emulsions increased significantly. The gaps between
the single droplets is now extremely small. The excess CB particles in the continuous
phase now have to crosslink only these short distances, so there are less loose ends and
similar to Figure 2-17 in Section 2.3.5 a percolating network of aggregated CB
particles and oil droplets throughout the whole aqueous phase exists.
Evaluating these emulsions with light microscopy does not show any
differences in the droplet size. On the other hand, the excess CB particles could not be
identified either, leading to the assumption, that because of the high oil-water ratio,
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most CB particles are at the oil-water interface. When forming the emulsions with Si,
the coloring, described earlier in this section, was darker compared to the samples with
the 3:5 o/w ratio. The reason for this might be that a less concentrated Si oil
suspension, 2.1% w/w Si compared to 3.6% w/w Si, was used. I assume that this leads
to less excess Si in the aqueous phase.
Drying these emulsions caused less cracking than, even with a replacement of
CB by r-GO by 20%. The placement of the emulsion on the current collector was done
very gently, so the formed structure could be preserved. Form this it follows that the
CB network is already present instead of being formed during the drying process
during the former process.
A total of 10 different batteries were prepared for cycling. four with an oilwater ratio of 3:5, splitted in two with a Si/C ratio of 1:1 and 3% w/w and 5% w/w rGO for comparison with the result of Chen et al. (2014) [5] and two with a Si/C ratio
of 2:1. For the 2:1 Si/C ratio, one battery was prepared without any r-GO and in the
other 5% w/w of CB were replaced by r-GO. Furthermore, six batteries, divided in
respectively two with a 4:1, 5:1, and 6:1 Si/C ratio were produced. In one of those
20% w/w CB was replaced by r-GO. Unfortunately, it was impossible to test these
batteries because of the low adhesion to the current collector. The material peeled of
when the electrolyte was added. To overcome this also the PAA binder was evaluated
because of the superior adhesion strength reported by Magasinski et al. (2010) [76],
but when adding the electrolyte the dried emulsion always came off.
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6.2

Rheology

It is assumed that the CB suspension, which forms the aqueous, continuous
phase in the emulsion haves like a complex fluid. Rheological measurements of the
viscosity, the yield stress, the yield strain and the modulus are performed to further
identify the behavior of this fluid.
Performing a flow ramp with CB suspensions of 3% w/w, 6% w/w and 12%
w/w, the rheological response showed shear-thinning behavior. A zero-shear viscosity
could not be attained within the measurable boundaries of the instrument. this means
that the relaxation time Œ of the CB network is too long because measuring the zero-

shear viscosity is possible for | ≤ Œ X9 . Since the lowest shear rate was 10-3 s-1 the

relaxation time must be higher than 1000 s. As you can see in Figure 2-19 in Section
2.4.1.4, the behavior of the suspension is typical solid-like, since

∝ | X9. However,

the response of the 3% w/w CB suspension shows an slight increase of shear stress
with an increasing shear rate. On the other hand this increase is not constant and seems
to fluctuate. One assumption would be that the 3% w/w CB suspenstion is just below
the gel point, so neither solid-like nor liquid-like behavior is fully developed. For a
solid-like complex fluid, the steady-state shear stress is constant, which is the case for
the 6% w/w and 12% w/w suspension for shear rates below 2 s-1. From the results ,
shown in Figure 6-10, it can be concluded that the particle concentration that forms a
sample-spanning network, and produces a solid-like gel phase is between 3% w/w and
6% w/w.
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Figure 6-10. Shear rate dependent shear stress and shear viscosity for 3% w/w, 6% w/w and 12% w/w CB
suspensions

CB suspensions above the gelling concentration behave like strongly
flocculating gels (see Section 2.4.2). Figure 6-11 shows the dependence of the
viscosity to the shear stress, which is constant until a certain yield stress in reached.
Since a zero-shear viscosity cannot be measured, the CB network can be characterized
by the yield stress. Performing creep tests, Figure 6-11 was developed. A yield stress
of 47 Pa was measured for the 6% w/w CB suspension, and the twofold, 95 Pa, for the
9% w/w suspension.
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Figure 6-11. Yield stress of 6% w/w and 9% w/w CB suspensions

Performing amplitude sweeps, where the strain is successively increased, and the
moduli are measured, the linear viscoelastic region was identified. The modulus of the
CB gel is highly strain-dependent, with a linear behavior confined to very low strain
amplitudes, as seen in Figure 6-12. All amplitude sweeps are performed with a
frequency of 1 Hz. The critical strain was identified to be 0.07%. This is typical for a
electrostatically stabilized system [151]. Because a linear response of the system is
necessary for the frequency sweeps, the strain for these is set to 0.04% for the
following tests.
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Figure 6-12. Amplitude sweep at a frequency of 1 Hz for a 6% w/w, 9% w/w and 12% w/w CB suspension

After the fluid’s linear viscoelastic region has been defined by a strain sweep,
its structure can be further characterized using a frequency sweep at a strain below the
critical strain. This provides more information about the effect of colloidal forces, the
interactions among particles. The storage and loss moduli

′ and

suspensions are shown in Figure 2-20. For these ‘solid-like’ fluids,
and

‡‡

‡

′′ for the CB
≫ ′′, and ′

are nearly frequency independent.

As explained in Section 2.4.2.1 the modulus ′ is frequency dependent and follows the
power law

‡

‘

∝ RΦ − Φ• T . These are volume fractions of the CB particles. With the

density of 1.8 mg/cm3 the volume fractions can easily be calculated to 0.88 % v/v,
4.5% v/v and 4.16% v/v CB for the three tested concentrations. Because the gelling
point is between 3% w/w and 6% w/w, it is assumed to be in between at 4.5% w/w
CB. This corresponds to a volume fraction of Φg =2.5% v/v CB. Using the values of

′ of the first two curves, the power exponent n is found to be 2.2. With a
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proportionality factor of 2650, the modulus of the 9% w/w CB suspension is predicted
to be 61000 Pa which is very close to the real value of 65268 Pa.

Figure 6-13. Frequency sweep at a amplitude of 0.04 % for a 6% w/w, 9% w/w and 12% w/w CB suspension

Because of their characteristics, strongly flocculated gels are likely to be more
brittle than weakly flocculated ones, in that they are harder than weakly flocculated
gels, they cannot be deformed as much without fracturing. [124] This could be the
reason for the cracking which was observed during the drying process.
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6.3

Electrical Characterization

The measured performance of the emulsion templated Si/C composite anodes
with a 1:1 Si/C ratio are shown in Figure 6-14. Starting with a discharge capacity of
1827 mAh/g for the anode with 3% w/w of C replaced by r-GO and 1887 mAh/g for
the one with 5% w/w. The first three cycles were used to build up the SEI very gently
at a cycling rate of C/25. After the third cycle the cycling rate is change to C/10 and
the capacity is much lower. It is still higher than the theoretical capacity, which might
explain the rapid capacity fading till the 10th cycle. There the capacity reaches a value
of about ~ 1200 mAh/g and remains very stable. During the whole cycling period, this
battery shows a high Coulombic efficiency above 97% with a final value of 99.5%.
The only exception are the first three cycles where the SEI is build up, the Coulombic
efficiency increases from 92% to 98%. The high values show evidence, that a stable
SEI is formed. This is because the CB particles partially protect the Si. The former
multiple layers of CB around the oil droplets are preserved over the drying process
and do now cover the Si particles. After 58 cycles, the capacity is still at ~1000 mAh/g
which corresponds to a capacity retention of 75% after the fourth cycle. What is
remarkable about the performance is, that after the 10th cycle, the capacity fading is
only 85 mAh to the 58th cycle. That means for these 48 cycles over 90% of the
capacity is conserved. The 5% w/w r-GO anode performed slightly worse. Part of the
reason might have been, that this is an average value of two cycled batteries. One of
those performed worse, the other was almost identical to the 3% r-GO ones. However
the characteristic is the same. The Coulombic efficiency is high, above 97% after the
third cycle, and 98.5% after the 58th cycle. In addition the capacity retention is almost
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identical. After 58 cycles 74.6% of the capacity is maintained from the fourth cycle.
Comparing the final capacity to those of the 10th cycle the retention is 84.8%. The
usage of r-GO improved the performance of the batteries significantly compared to the
precious work of Chen et al. (2014) [5]. They reported a delithiation capacity of ~1300
mAh/g after 50 Cycles. In this approach after 50 cycles the capacity is ~1000 mAh/g
which is a decrease by more than 20%.

Figure 6-14. Specific discharge capacity and Coulombic efficiency of anodes with a 1:1 Si/C ratio, where 3% w/w
of CB and 5% w/w have been replaced by r-GO

105

Figure 6-15. Capacity retention of anodes with a 1:1 Si/C ratio, where 3% w/w of CB and 5% w/w have been
replaced by r-GO

Increasing the Si/C ration to 2:1 lead to the cycling behavior shown in Figure
6-16. One battery with r-GO and one without was cycled and compared. The gentle
cycling of these anodes exhibit a really high delithiation capacity of 2252 mAh/g for
the battery with r-GO, which is slightly lower than the theoretical of 2630 mAh/g.
Without the r-GO the capacity was worse, only 1600 mAh/g were obtained. The
Coulombic efficiency for both is almost identical, after the initial thee cycles the
values only vary between 99% and 100%. As a consequence the SEI seems to be very
stable, even with the reduced amount of CB. Changing the cycling rate to C/10
resulted in 1505 mAh/g for the battery with r-GO and 1150 mAh/g for the one
without. After 58 cycles the capacity of the battery without r-GO is as low as 737
mAh/g, the other maintained 915 mAh/g. The capacity retention after the fourth cycle
is consequently 64.1% and 60.8%.
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Figure 6-16. Specific discharge capacity and Coulombic efficiency of anodes with a 2:1 Si/C ratio, with a 5% w/w
replacement of C with r-GO and without

Figure 6-17. Capacity retention of anodes with a 2:1 Si/C ratio, with a 5% w/w replacement of C with r-GO and
without

A comparison of the obtained results for a 1:1 Si/C and a 2:1 Si/C ration to each other,
the can be seen on Figure 6-18 and Figure 6-19. The amount of r-GO is approximately
the same in both anodes (5% of carbon was replaced). It is obvious, that the anode
with the higher Si loading initially exhibit a much higher capacity. However, the
107

surperior cycling stability of the anode with a 1:1 Si/C ratio leads to a crossing point.
After about 35 cycles, the capacities become equal, and after this point the capacity of
the 1:1 Si/C anode exceeds those of the 2:1 Si/C anode. The capacity retention of the
1:1 Si/C battery with r-GO is much better than those of the 2:1 Si/C battery.
Nonetheless, both batteries performed worse than the ones from the previous work of
Chen et al. (2014)[5].

Figure 6-18 Comparison of the discharge capacity and Coulombic efficiency between 2:1, and 1:1 Si/C ratio
batteries with r-GO
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Figure 6-19. Comparison of the capacity retention between 2:1, and 1:1 Si/C ratio batteries with r-GO
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CHAPTER 7 CONCLUSION

For the simple emulsion-templated directed assembly technique for forming
silicon carbon composite anodes for lithium ion batteries, r-GO was introduced up to
2.25% of the total anode mass, and the Si/C ratio was increased to 2:1. The
introduction of r-GO induced a better cycling stability for the 1:1 Si/C ratio. For the
2:1 Si/C ratio, also the capacity was increased significantly. However, for all the
batteries the capacity was even worse than the ones with the 1:1 Si/C ratio or the
previous work of Chen et al. (2014) [5]. The basic characteristics of the method are
not changed, the Si nanoparticles are to regions that are surrounded by a porous CB
cage and an interconnected conductive CB network. The excess volume available
within the cage accommodates much of the volume changes associated with the Si
particles during lithiation and delithiation, minimizing stress propagation into the
conducting network. Any transmitted stresses are absorbed by the elasticity of the
network. The percolation network was further identified in this study. It was shown,
that the CB nanoparticles in aqueous suspension behave as a strongly flocculated gel,
which cannot deform much without fracturing. Which lead to processing problems
during the drying process.
However, the network maintained electronic contact with the current collector
throughout the lithiation and delithiation cycles. A stable solid electrolyte interphase
appears to form around the high surface area CB particles, which is indicated by a
high Coulombic efficiency. The use of Si nanoparticles in a configuration that partially
protects it from the electrolyte and the sustained electronic contact of the anode
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material with the current collector allows all anode to have a high capacity and good
cycling performance after 58 cycles.
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